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Abstract 


A  space  optimization  procedure  is  developed  which  allows  the  design  of 
100  percent  reliable  spring- firing  pin  combinations  for  the  M42G  per¬ 
cussion  primer.  Optimum  design  tables  list  complete  data  for  approximately 
two  hundred  systems  ranging  in  overall  length  from  0.500  to  2.000  inches 
and  in  diameter  from  0.093  to  0.37S  inches. 

The  optimization  is  based  on  a  combination  of  results  of  the  theoretical 
and  experimental  phases  of  the  investigation.  The  theoretical  work 
employs  wave  propagation  theory  for  the  determination  of  the  maximum 
attainable  velocities  of  spring  driven  masses.  The  experimental  work 
confirmed  existing  100  percent  firing  data  (lirwood  curves)  for  the  M42G 
primer.  In  addition,  new  100  percent  firing  data  were  obtained,  at  various 
energy  levels,  for  firing  pin  velocities  up  to  1200  inches  per  second. 

All  firing  tests  were  conducted  at  ambient  temperature  and  at  -40  degrees 
Fahrenheit. 
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I.  Introduction 


1.  Purpose  of  Investigation 

The  present  investigation  had  the  following  two  aims: 

a.  It  was  desired  to  confirm  and  to  extend  to  higher  firing  pin  velocities 
the  existing  firing  curves  (lirwood  Curves)  for  the  M42G  percussion  primer. 
This  experimental  investigation  was  to  be  conducted  both  at  ambient 
temperature  as  well  as  at  -40  degrees  F. 

b  It  was  further  dcs'rcd  to  devise  a  design  method  which  furnishes  100 
percent  reliable  spring  driven  primer  striker  systems  with  minimum 
overall  space  requirements  for  the  M42G  primer. 

2.  Outline  and  Results  of  Investigation 

a.  M42G  percussion  primers  were  test-fired  with  firing  pin  velocities 
ranging  from  50  to  1200  inches  per  second  at  energy  levels  of  16,14,12, 

10,  8,  and  6  inch-ounces.  These  firings  took  place  both  at  ambient 
temperature  and  at  -40  degrees  F. 

The  lirwood  Curves  were  partially  confirmed.  That  is,  one  hundred  percent 
firing  of  the  primers  at  ambient  temperature  started  at  the  same  minimum 
firing  pin  velocities  for  energy  levels  of  16  and  14  inch-ounces.  For 
12,  10,  8,  and  6  inch-ounce  levels  the  minimum  firing  pin  velocities  for 
100  percent  firing  were  somewhat  higher  than  those  of  the  corresponding 
Frwood  data.  Increases  of  the  velocities  beyond  the  above  minimum  values 
and  up  to  1200  inches  per  second  caused  consistent  100?o  firings  at  all 
energy  levels.  While  in  most  cases  a  slightly  higher  minimum  velocity 
was  required  to  fire  the  primers  at  -40  degrees  F,  one  may  generally 
state  that  there  is  no  significant  difference  between  firings  at  ambient 
temperature  and  those  at  -40  degrees  F.  The  attempt  to  conduct  firing 
tests  at  an  energy  level  of  5  inch-ounces  was  not  successful. 

b.  The  theoretical  phase  of  the  investigation  concerned  itself  with  the 
determination  of  an  expression  for  the  maximum  attainable  velocity  of 
a  spring  driven  mass  in  the  absence  of  friction.  Existing  earlier 

work  was  confirmed  to  this  end.  In  addition,  an  expression  for  the  axial 
space  need  of  a  helical  spring  which  accelerates  a  mass  to  its  maximum 
attainable  velocity  was  derived. 

c.  An  optimization  procedure  was  devised  wlich  combines  experimental  .and 
theoretical  results.  It  allows  the  design  of  spring  striker  combinations 
of  minimum  overall  lengths  and  practical  diameters  which  employ  identical 
firing  pin  masses  and  produce  identical  firing  pin  velocities  as  systems 
which  have  been  found  one  hundred  percent  reliable  during  the  test  phase 
of  the  investigation. 

The  overall  length  of  the  spring  striker  system,  i.e.  the  combined  lengths 
of  the  firing  pin  and  the  length  of  the  helical  spring  when  imparting 
the  prescribed  velocity  to  the  firing  pin,  has  been  found  to  be  a  function 
of  the  spring  index  (the  ratio  of  the  coil  diameter  to  the  wire  diameter). 

Computer  searches  for  the  optimum  spring  index  for  various  combinations 
have  resulted  in  optimum  design  tables.  These  tables  contain  all  necessary 
physical  data  for  springs  and  firing  pins  and  overall  dimensions  for  more 


than  two  hundred  systems  with  overall  lengths  of  less  than  2.000  inches 
and  diumetors  of  less  than  0.375  inches.  (One  of  the  smallest  designs 
requires  for  a  diameter  of  0.12T  inches  a  total  nominal  length  of  0.763 
inches .  ) 

Sections  11  to  IV  give  the  highlights  of  all  work  which  is  described  in 
detail  in  Appendices  A  to  h.  The  use  of  the  optimum  design  tables  ,_f  Appendix 
is  also  illustrated  in  section  IV. 

During  the  initial  phase  of  the  investigation  the  literature  dealing  with 
percussion  primers  and  explosive  initiation  [1  -  15]**,  as  well  as  that 
dealing  with  penetration  of  plates  by  impacting  bodies  [16-24],  was  examined 
with  the  intent  of  establishing  some  theoretical  criteria  concerning  firing 
pin  masses  and  velocities  required  to  effect  primer  firing.  This  effort 
proved  fruitless  and  had  to  be  abandoned  because  of  the  scarcity  of  inform-? 
ation  on  percussion  primer  initiation. 


1 1 .  Theoretical  Investigation 


The  following  outlines  the  results  of  the  theoretical  investigation 
which  are  described  in  detail  in  Appendices  A,  B,  and  C.  Figure  1  shows  a 
helical  spring  of  coil  diameter  D  and  circular  wire  diani.ier  d  which  is  fixed 
on  its  left  end  Z  to  the  support  S,  while  its  right  end  A  is  deflected 
through  the  distance  f  by 


>’  = 


Figure  I 

Helical  Spring  Without  Driven  Mass 
(Deflected  through  distance  f  by  force  I’^j 

force  I’.  The  free  length  of  the  spring  is  1,  ,  Appendix  A  gives  the 
derivation  of  the  partial  differential  equation  for  the  axial  displacement 
y  as  a  function  of  the  position  x  along  the  wire  axis  and  of  time. 


*1  Numbers  in  brackets  designate  references  in  Section  V. 
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(See  also  [32,33,40,  42]).  The  constant  coefficient  of  the  differential 
equation  A-16  contains  an  expression  for  the  velocity  of  wave  propagation, 
or  surge  velocity  a,  with  which  a  relieving  tension  wave  moves  from  end  A 
of  the  spring  wire  axis  to  end  Z  when  the  force  P_  is  suddenly  removed.  The 
discussion  preceding  Eq.  (A-19)  shows  that  whenever  the  spring  index  D/d>5, 
the  influence  of  the  rotational  inertia  of  the  spring  wire  will  sufficiently 
accounted  for  in  the  following  expression  for  the  surge  velocity: 


a  *  0.99 

where 


(1) 


A  -  spring  constant  [see  Eq.  (A- la)] 

L  ■  length  of  spring  wire  along  x-axis,  and  embracing  all  active  turns 

Y  =  density  of  spring  material 

g  =  acceleration  of  gravity 


[See  also  List  of  Symbols] 

The  solution  of  the  partial  differential  equation  indicates  that  the  maximum 
velocity  of  the  free  end  of  the  spring,  (point  A),  is  attained  according  to 
Eq.  (A-41)  at  the  time 


after  the  force  has  been 

This  maximum  velocity  v..  of 
Eq.  (A- 48): 


removed.  Tg  is  defined  as  the  surge  time, 
the  expanding  helical  spring  is  given  by 


'H 


0.99 


Tf  V 


2  Y  G 


(3) 


where 

t ^  ■  uncorrected  shear  stress  associated  with  deflection  f  [See  Eq.  (A-45)] 
G  ■  modulus  of  rigidity 

Equation  (3)  points  up  the  fact  that  the  maximum  velocity  attainable  by  the 
free  end  of  a  given  spring  is  only  a  function  of  the  shear  stress  due  to  its 
deflection.  This  velocity  is  thus  clearly  limited  by  the  maximum  permissible 
uncorrected  shear  stress. 2 


2 

The  corrected  shear  stress  t,  •  K  if  includes  the  effect  of  the  curvature 
correction  factor  K,  (see  [42]  and  Eq.  (D-8)  in  Appendix  D).  It  must  be 
considered  to  avoid  spring  set.  Therefore  if  must  he  low  enough  so  that 
tc  does  not  predict  set. 
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[See  also  Eq.  (A-49)  and  subsequent  discussion  on  theoretical  velocity 
limit  for  steel  helical  springs.] 

When  the  spring  drives  a  mass  M,  as  shown  in  Figure  2,  the  maximum  velocity 
of  point  A,  and  with  that  of  the  mass  M,  can  also  be  obtained  by  way  of  the 
solution  of  an  appropriate  partial  differential  equation.  Since  a  separate 
numerical  determination  of  the  eigen-values  must  be  made  for  each  occurrinp 


Figure  2 

Helical  Spring  With  Driven  Mass 
(Deflected  through  distance  f  by  force  Pr) 


ratio  of  driven  mass  M  to  spring  mass  in  ,  this  approach  is  not  very  practice; 
and  was  not  further  pursued.  In  addition,  it  is  limited  to  eases  where  the 
end  Z  of  the  spring  remains  fixed  to  the  support  S  at  all  times,  while  mass 
M  is  firmly  attached  to  the  spring.  In  fuze  applications  it  is  not  customary 
to  attach  the  spring  to  its  support  and  the  mass  to  the  spring.  Thus  if 
enough  room  is  given  the  spring  may  fly  off  of  its  support  and  the  mass  may 
separate  from  the  spring. 

K.  Maier  [28,35,36,37]  has  shown  without  proof  that  wave  propagation  theory 
furnishes  relatively  simple  analytical  expressions  for  the  behavior  of  spriu>, 
driven  masses.  Beyond  this  it  allows  for  the  possible  separation  of  the 
spring  from  its  support  as  well  as  the  separation  of  the  mass  from  the  spring. 

Appendix  B  gives  derivations  of  appropriate  expressions  along  these  lines. 
Starting  from  the  basic  concepts  of  wave  propagation  in  thin  prismatical  bar 
[26,31,39,41]  the  response  of  springs  without  driven  end  masses  is  cons  idem 
first.  (Sec  also  [25,27,29,30,34,38,43]).  Equations  (B-25)  and  (B-26)  in 
dicate  that  as  the  relieving  tensile  wave,  which  is  initiated  by  the  removal 
of  the  compressive  force  Pf,  travels  from  point  A  to  point  Z  (sec  Figure  1), 
the  particles  along  the  wire  axis  acquire  the  velocity  vh  as  given  by  Fiq.  (3). 
Once  point  Z  near  the  support  has  attained  the  above  velocity  the  spring 
will  fly  off  from  the  support.  This  will  occur  at  the  time  Ts  after  the 
force  is  removed.  [Ts  is  also  given  by  Eq.  (2)  above.] 

For  the  determination  of  the  velocity  of  the  spring  driven  mass  of  Figure  2 
it  is  necessary  to  distinguish  between  two  time  intervals  of  duration  2TS  , 
since  the  wave  behavior  in  each  of  them  differs  from  the  other.  Appendix 
B  gives  detailed  discussions  of  these  phenomena. 

When  the  compressive  force  P£  is  suddenly  removed  at  t  =  0,  the  veloci  ty  ot 
mass  M,  for  the  interval  Oft  <2TS,  is  given  according  to  Eq.  (B-50b)  by: 

“2  a 

V1  *  VH  '  1  -  e  T  1  > 

(  •*  ) 

where 


T  =  2  T 

s 

*  -  m^/M 

ms  -  mass  of  the  active  coils  of  the  helical  spring 
bq.  (4)  is  valid  for  all  values  of  the  mass  ratio  a. 

Ihe  maximum  velocity  of  mass  M  is  attained  during  the  interval  2T.  ■-  t  Ti 

for  values  of  1/a  <_  5.69.  Since  this  range  of  mass  ratios  covers  all 
possible  applications  to  primer  systems,  no  other  intervals  were  considered. 

The  maximum  velocity  occurs  when  the  contact  force  between  mass  M  and  the 
spring  vanishes,  and  the  mass  separates  from  the  spring,  liquation  (B  82 
gives  the  time  of  this  event  for  a  given  system  as 


T 


A 


T,  < 2  *  rj 


.  -2a) 


C>  i 
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after  the  compressive  force  is  suddenly  removed.  The  mass  ratio  restric¬ 
tion  mentioned  above  is  shown  by  Eq.  (B-86)  to  be  based  on  the  condition 

that  T.  <  4T  . 

A  s 

Equation  (B- 84)  furnishes  the  expression  for  the  velocity  of  the  mass  in 

the  time  interval  2T  <  t  <  T. : 

s  —  A 

v-  =  v  [  e'2a(f  13  (  +  2  -  4a  -  2e"2a  )  -  1] 

(6) 


The  maximum  attainable  velocity  of  the  mass  M  is  given  by  the  evaluation 
of  Eq.  (6)  at  t  =  T^,  as  given  by  Eq.  (5).  According  to  Eq.  (B~85): 


max 


£  -  2a 

VH  (  -  1  +  2c'  2  ) 


(7) 


Figure  B-7  on  page  B-23  of  Appendix  B  lists  values  of  the  term  in 
parenthesis  of  Eq.  (7)  for  mass  ratios  M/ms  from  0  to  5.4. 

Appendix  C  shows  how  Eq's.  (4)  and  (6)  may  be  integrated  to  obtain  the 
total  distance  F  travelled  by  mass  M  from  the  time  the  restraining  force 
P_  is  suddenly  removed  at  t  -  0  until  the  maximum  attainable  velocity  is 
reached  at  t  =  T..  Equation  (C-13)  gives  this  distance  in  the  following 
form: 


f  C, 


(8) 


where 


f  a  deflection  due  to  the  force  !>,  and 

?  ~ 

1  *  4a  £ 

Cf  =  2  a  (  3  -  I  *  4  2  ) 


(9) 

The  mass  ratio  restriction  M/m,  £5.09  also  applies  to  the  above,  since 
Eq.  (6)  is  involved  in  its  derivation. 

Equation  (7)  which  allows  the  determination  of  the  maximum  velocity  of 
mass  M  for  a  given  system,  and  Eq.  (8)  which  indicates  the  minimum  space 
needs  to  attain  this  maximum  velocity  play  a  major  part  in  the  optimization 
procedure  shown  in  section  IV. 

Appendix  B  also  indicates,  (see  pp.  B-15  and  b-10),  how  wave  propagation 
theory  may  be  used  for  the  determination  of  the  time  T2  at  which  a  spring  which 
drives  a  mass  will  separate  from  its  support  at  point  Z. 
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1 1 1  Experimental  Investigation 

Appendix  D  reports  in  detail  on  all  phases  of  the  test  program,  test 
setup,  and  test  results. 

Figure  0-2  shows  the  original  test  program,  giving  all  planned  test 
points  at  16,14,12,10,8,6,  and  5  inch-ounces  of  firing  pin  kinetic  energy. 
The  associated  firing  pin  masses  and  velocities,  from  50  inches  per  second 
to  1200  in/sec,  are  indicated  together  with  the  respective  Identification 
Numbers.  Figure  D-3  depicts  the  test  setup.  The  test  firing  pins  are 
described  in  Figures  D-4  to  D-8c,  and  the  final  design  of  the  test  springs 
is  shown  to  be  based  on  the  results  of  the  theoretical  investigation.  The 
physical  data  of  these  springs  are  listed  in  Figure  D-9.  In  addition,  the 
two  methods  of  measuring  firing  pin  velocity  are  discussed  together  with 
all  test  procedures.  Figures  D-12a  and  b  report  on  the  number  of  firings 
at  the  various  test  points,  both  at  ambient  temperature  and  at  -40  degrees 
F,  while  Figure  0-13  represents  a  typical  data  sheet. 


1 .  Results  of  Firing  Tests 

Figure  3  gives  the  results  of  all  firing  tests,  which  were  completed 
successfully,  by  indicating  the  percentage  of  primers  which  fired  at  each 
energy  level,  firing  pin  velocity,  and  temperaturi  (The  test  results 
within  the  heavy  outlines  serve  as  the  basis  of  the  Optimum  Design  Tables 
of  Appendix  F.)  The  5  inch-ounce  tests  proved  to  be  too  inconsistent,  and 
were  not  completed. 

The  Erwood  data  were  only  partially  confirmed.  A  comparison  of 
Figure  0-1,  the  original  Erwood  Curves  (which  refer  to  ambient  temperature), 
with  the  comparable  data  of  Figure  3  indicates  that  for  energy  levels  of 
16  and  14  inch-ounces  both  tests  showed  that  100  percent  firing  of  the 
primers  starts  at  a  minimum  firing  pir.  velocity  of  100  in/sec. 

For  energy  levels  of  12  inch-ounces  and  less,  the  present  tests  show  some¬ 
what  higher  minimum  firing  pin  velocities  for  100  percent  firing  at  ambient 
temperature  than  the  Erwood  data.  For  12  inch-ounces  the  Erwood  data  give 
a  minimum  velocity  of  approximately  100  in/sec,  while  the  present  test 
required  200  in/sec.  At  10  inch-ounccs  the  comparable  velocities  are 
approximately  140  and  200  in/sec.  The  Erwood  data  show  260  in/sec  for 
9  in-oz,  while  present  tests  indicate  for  8  in-oz  a  reliable  value  at 
500  in/sec.  Finally,  at  6  in-oz  the  comparable  numbers  are  approximately 
340  in/sec  for  the  Erwood  data  and  600  in/sec  for  the  present  tests. 

Just  as  in  the  Erwood  tests  it  was  found  that  once  a  minimum  velocity 
had  been  reached  which  produced  100  percent  firing,  all  higher  velocities 
would  also  lead  to  the  same  result. 

Figure  3  shows  also  that  in  most  cases  a  slightly  higher  minimum 
velocity  is  required  to  fire  100  percent  of  the  primers  at  -40  degrees  F 
than  at  ambient  temperature.  The  differences  arc  small  enough  to  conclude 
that  when  one  uses  a  sufficiently  high  velocity  to  be  certain  of  firing  at 
ambient  temperature,  one  also  may  be  certain  of  firing  at  -40  degrees  F. 

Figure  4  gives  such  safe  combinations  of  firing  pin  masses  and  velocities 
which  assure  100  percent  firing  both  at  ambient  temperature  and  at  -40 
degrees  F. 
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They  were  chosen  in  such  a  manner  that  for  each  energy  level  the  lowest 
velocity  is  at  least  two  subdivisions  higher  than  the  minimum  one  which 
produced  100  percent  firing  during  testing. 

Finally,  Figures  15a  and  15b  present  the  results  of  the  tests  in  the 
same  form  as  the  Erwood  curves. 


2.  Verification  of  Theory  of  Spring  Driven  Masses 

Since  the  experiment  used  spring  driven  firing  pins,  the  data  also  made 
it  possible  to  compare  the  actually  attained  velocity  of  each  test  point, 
which  was  held  within  +  2.S  percent  of  the  required  nominal  velocity  v.,,  with 
the  theoretical  velocity  v^,.  (See  top  of  page  D-28  for  discussion  on  vN). 

As  the  data  sheet  of  Figure  D-13  indicates,  the  spring  compression  f  was  » 
recorded  for  each  test  firing,  along  with  the  actual  mass  of  the  firing  pin. 
Appendix  D-4b  shows  how,  together  with  the  spring  data  of  Figure  D-9,  the 
above  data  may  be  used  to  compute  the  theoretical  velocity  vT  according  to 
Eq.  (7).  1 


v„  was  found  for  all  test  points  to  be  somewhat  higher  than  the  corres 
ponding  v^.  This  is  to  be  expected  since  the  theoretical  expression  does 
not  make  provisions  for  friction  in  the  system  or  for  certain  pecularities 
of  the  test  setup.  (See  bottom  of  page  D-33) 


For  design  purposes  the  above  means  that  to  attain  a  certain  nominal 
■velocity  vn,  the  spring  deflection  must  be  such  as  to  produce  a  somewhat 
higher  theoretical  velocity  vj.  To  this  end  the  design  correction  factor 


(10) 


was  introduced.  [See  Eq.  (D-13)].  This  permits  the  following  relationship 
between  the  theoretical  velocity  of  a  given  design  and  the  actually  desired 
nominal  velocity: 


VT  “  VN  (1  +  V 
[See  Eq.  (D-12)]. 


(ID 


In  order  to  attain  a  generally  applicable  value  for  CD  which  can  be  used 
in  the  optimization  procedure,  its  individual  values  were  computed  for  all 
tests.  Figure  D-16  shows  this  factor  to  vary  between  0.01  and  0.25  for 
nominal  velocities  above  100  in/sec.  For  the  sake  of  safety,  it  was  decided  to 
assume  always 


CD  *  0.25, 

and  accordingly  to  make  Eq.  (11) 
vT  »  1.25  vN 

for  the  optimization  procedure. 


(12) 


(13) 
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IV.  Optimization  Procedure 

Appendix  E  gives  details  of  the  optimization  procedure  which  leads 
to  the  optimum  design  tables  presented  in  Appendix  F.  The  optimization 
is  based  on  a  combination  of  the  theoretical  and  experimental  results  of 
the  present  investigation.  The  optimum  design  tables  give  complete  physi¬ 
cal  details  of  spring  striker  systems  with  overall  lengths  of  less  than  2.000 
inches  and  diameters  equal  to  or  less  than  0.375  inches.  These  spring  firing 
pin  combinations  reproduce  the  reliable  100  percent  firing  points  given  with¬ 
in  the  heavy  outlines  of  Figure  3. 

In  addition  to  reproducing  proven  firing  data  with  the  use  of  identical 
masses  and  velocities  as  used  in  the  tests,  the  optimization  uses  the  follow¬ 
ing  criteria: 

a.  The  nominal  velocity  v.,  associated  with  each  test  point  is 

to  be  attained  by  using  Eq.  (11)  which  takes  the  design  correc¬ 
tion  factor  Cp  into  account. 

b.  In  order  to  make  the  springs  as  short  as  possible  the  firing 
pin  velocity  v_  is  to  represent  the  maximum  attainable  velocity 
of  the  particular  system.  To  this  end  the  spring  is  to  be  com¬ 
pressed  to  its  solid  height,  and  the  associated  corrected  shear 

stress  t  is  to  be  the  maximum  allowable  one  for  the  material, 
c 

c.  Only  systems  with  diameters  of  0.375  inches  are  to  be  initially 
considered,  and  only  those  resulting  systems  are  to  be  retained 
which  have  overall  lengths  of  less  than  2.000  inches. 


1 .  Determination  of  Spring  Mass 


According  to  Eq.  (E-12)  one  may  write  Eq.  (7)  for  the  theoretical 
firing  pin  velocity  vT  with  the  help  of  Eq.  (11): 

2ms 


VN  (1 


*  CD> 


t  e_  M 

ifo  (  -  1  *  2  e"  2  ) 


(14) 

whenever  the  spring  is  made  of  steel. 

With  vN  and  M  determined  from  the  test  point  involved,  and  with  i _  and 
CD  given,  the  required  mass  of  the  active  turns  of  the  spring  is  shown  by 
Eq's.  (E-13)  and  (E-14)  to  be  obtained  from  the  above  expression: 


m  =  -  ^  In  [  -  2  In  B  ] 

s  2 

where 


(IS) 


B 


131  K  vN  (1  ♦  CD) 

2  x  *  0.5 

c 


(K>) 


K  is  the  curvature  correction  factor  [42] : 


K 


a 


4c  -  1 
4c  -  4 


0.615 

c 


(17) 


and 

D 

C  =  d  (18) 

The  above  shows  that  the  mass  of  the  active  turns  of  the  spring  depends 
on  the  spring  index  c  when  M,  vN,  t  ,  CD  and  D  are  known. 


2.  Free  Length  of  Spring  and  Expanded  Length  of  Spring  Corresponding 
to  Maximum  Velocity  of  Firing  Pin. 

Since  the  spring  is  to  be  compressed  through  the  distance  f  to  its 
solid  height,  its  free  length  Lq  is  determined  by: 


L  =  f  +  Nd  +  2d 


(19) 


where  N  stands  for  the  number  of  active  turns  and  2d  stands  for  two  full 
end  turns  of  the  spring. 

The  number  of  the  active  turns  may  be  related  according  to  Eq.  (E-8) 
to  the  mass  of  the  spring  in  the  following  way: 


N 


4  ms  g 

2  n^2 
7T  yDd 


(20) 


When  the  above  is  substituted  into  Eq.  (19)  and  the  deflection  f  is 
expressed  in  terms  of  the  maximum  allowable  corrected  shear  stress,  one 
obtains  for  Eq.  (19)  according  to  Eq.  (E-10): 


L 


o 


4  ms  g  c 

2  n2 
ir  y  D 


T  IT  C 


where 


(21) 


Y  *  density  of  the  spring  material 
G  *  modulus  of  rigidity 

At  the  instant  when  the  maximum  velocity  of  the  firing  pin  has  been 
reached,  its  total  trav  1  is  given  by  Eq.  (8).  With  its  help  one  obtains 
the  expanded  length  of  the  spring  L  at  this  instant  from 


L  *  fC-  ♦  Nd  ♦  2d 
ox  f 


(22) 

where  C-  is  givon  by  Eq.  (9).  With  the  appropriate  substitutions  for  f  and 
N,  as  for  Eq.  (21),  one  obtains: 
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(23) 


L 

ex 


4  m  2  c‘ 


2  n2 
7T  Y  D 


T  *  C 
<•  C  C  A 

("Tg  f  + 


c 


3.  Overall  Length  of  System  at  Instant  of  Maximum  Firing  Pin  Velocity 

The  overall  length  L  of  the  spring-  firing  pin  system  at  the  instant 
of  maximum  velocity  of  the  firing  pin  is  given  according  to  Eq.  (E- 16)  by 


=  L 


ex 


(24) 


where  L 

P 


represents  the  length  of  tho  firing  pin. 


4.  Choice  of  Firing  Pin  Dimensions  and  Coil  Diameter  of  Spring 

While  each  successful  test  point  has  a  definite  mass  associated  with  its 
firing  pin,  there  are  many  possibilities  for  the  firing  pin  dimensions.  To 
avoid  unnecessary  complexity  it  was  decided  to  assume  the  use  of  cylindrical 
firing  pins  of  constant  diameter  for  the  optimization  procedure.  The  .030  in 
lengthof  the  hemispherical  tip  of  the  firing  pin  as  well  as  any  possible  re¬ 
duction  in  diameter,  which  might  accommodate  the  seating  of  the  pin  within  the 
spring,  was  disregarded. 

Figure  E-l  shows  the  results  of  computations  for  the  length  Lp  of  such 
steel  firing  pins  for  all  eligible  I.D.  numbers,  and  outside  diameters  be¬ 
tween  0.375  and  0.093  inches.  In  general,  firing  pin  lengths  of  less  than 
0.125  inches  and  more  than  2.000  inches  are  omitted  from  the  table. 


5.  Optimization  of  Overall  Length  of  System 

Appendix  E  indicates  that  once  a  choice  has  been  made  concerning  the  out¬ 
side  diameter  D  of  the  spring  and  the  firing  pin,  the  length  Lp  of  the  pin, 
as  well  as  the  Spring  material,  the  overall  length  L  of  the  system  for  a 
given  I.D.  number  depends  only  on  the  spring  index  c; 

While  it  is  not  possible  to  find  an  analytical  expression  for  the  spring 
index  which  produces  the  shortest  system,  an  appropriate  computer  search 
which  varies  the  spring  index  will  produce  the  desired  result.  The  spring 
index  which  gives  the  minimum  overall  length  Lt  for  a  given  set  of  conditions, 
also  furnishes  the  shortest  free  length  L0  and  the  shortest  expanded  length  LeY 
of  the  spring. 

The  optimum  design  tables  of  Appendix  F  give  the  results  of  such  computer 
searches.  Each  table  represents  a  single  test  point  (I.D.  number)  where 
reliable  100  percent  firing  occurred,  and  enumerates  the  following  data  for 
various  firing  pin  outside  diameters  D0  and  associated  firing  pin  length  1^,: 

a.  Mass  of  active  turns  of  the  spring,  according  to  Eq.  (15). 

b.  Wire  diameter  corresponding  to  optimum  c  for  given  D0. 

c.  Number  of  active  turns  of  the  spring,  according  to  Eq.  (20). 

d.  Free  length  of  the  spring,  corresponding  to  optimum  c,  according  to  Eq.  (21). 

e.  Expanded  length  of  spring,  corresponding  to  optimum  c,  according  to  Eq.  (23). 

f.  Overall  length  of  system,  corresponding  to  optimum  c,  according  to  Eq.  (24). 

g.  Solid  height  of  spring,  including  two  end  turns. 


All  computations  are  based  on  the  assumption  of  steel  springs  and  firing 
pins,  and  the  following  data  are  used: 

y  »  0.283  lbs/in3 

T  a  200  000  psj 

C  £ 

G  a  11. S  X  10°  psi 

2 

g  *  386.05  in/sec 

Cp  a  0.25 

[See  also  discussions  in  Appendices  E  and  F.] 

Figure  5  is  typical  of  the  optimum  design  tables  of  Appendix  F.  It  treats 
I.D.  No.  67  which  had  a  firing  pin  velocity  vN  of  700  in/sec  and  a  firing 
pin  mass  M  of  4.0816  x  10_6  lb-sec^/in  at  an  energy  level  of  16  inch-ounces. 

The  following  example  makes  use  of  one  of  the  designs  of  I.D.  No.  67, 
and  illustrates  the  use  of  the  tables: 


Example 

When  one  chooses  an  outside  diametex  Dq  =  0.156  in.,  the  following  dimensions 
3re  given  by  Figure  5: 


Length  of  firing  pin  (L  ) 

Mass  of  active  turns  offspring  (m  ) 
Wire  diameter  (d)  3 

Number  of  active  turns  of  spring  (N) 
Number  of  total  turns  (N  +  2) 

Free  length  of  spring  (L  ) 

Expanded  length  of  sprin§  (L  ) 
Overall  length  of  system  (L  ?x 
Solid  height  of  spring 


0.291  in.  - 

3.4957  x  10-t>  lb-sec  /in 
0.03319  in. 

14.3 

16.2 

0.786  in. 

0.816  in. 

1.109  in 
0.541  in. 


It  must  now  be  recalled  that  the  tables  give  the  overall  length  L 
by  considering  firing  pins  where  neither  the  hemispherical  tip  nor  a  t 
reduced  diameter  for  seating  the  pin  inside  the  spring  has  been  accounted 
for.  Let  these  design  factors  now  be  considered.  With  a  spring  O.D.  of 
0.156  in.  and  a  wire  size  of  0.03319  in.  the  inside  diameter  of  the  spring 
is  approximately  0.089  in.  Allowing  for  sufficient  clearance,  one  lets  the 
seating  diameter  of  the  firing  pin  be  0.080  in. and  its  length  0.125  in. 

Figure  6a  shows  the  resulting  firing  pin  design  which  maintains  the  mass 
of  the  pin  at  4.0816  x  10”^lb-sec2/in,  while  allowing  for  the  addition  of 
the  seating  diameter  as  well  as  the  hemispherical  tip.  The  resulting  length 
of  the  0.156  diameter  is  0.255  in.,  and  together  with  the  0.030  length  of  the 
tip  the  active  length  of  the  firing  pin  becomes  0.285  in.  This  length  must 
be  added  to  the  solid  height  of  the  spring  to  determine  the  nominal  space 
which  the  system  requires  when  the  spring  is  compressed.  (It  serves  to  locate 
the  release  mechanism.)  This  length  must  also  be  added  to  the  expanded  spring 
length  to  determine  the  space  requirement  at  maximum  velocity  firing. 

Figure  6b  shows  the  first  dimension  as  0.541  +  0.285  *  0.826  in.,  (not  taking 
some  necessary  clearances  into  account).  The  actual  overall  length  of  the 
system  has  to  be  0.816  +  0.285  ■  1.101  in. 
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Figure  5 

Typical  Optimum  Design  Table 


&.  Firing  pin  design 

b.  Space  requirements  for  system  both  when  spring  is  compressed  and  when  expanded 
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Minor  size  deviations  from  the  optimum  design  tables  due  to  necessary  clear¬ 
ances  and  part  tolerances,  (including  changes  in  wire  size  of  0.0003  in.), 
will  not  influence  the  results  to  any  extent  since  the  factor  C  has  been 
chosen  sufficiently  high. 

It  has  to  be  kept  in  mind  though  that  in  order  to  avoid  spring  set  during 
assembly  the  corrected  shear  stress  tc  should  never  exceed  its  minor  limit  of 
approximately  200,000  ps i  at  solid  height. 
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APPENDIX  A 


HFlJCAL  SPRING  AS  A  DISTRIBUTED  SYSTEM 
1.  Derivation  of  Partial  Differential  Equation 
a.  Definition  of  Terms 


Figure  A-l  shows  a  helical  spring  which  is  held  on  one  end  against  the  fixed 
surface  S  while  its  other  end  is  deflected  through  the  distance  f  by  the 
axially  applied  force  P^.  The  indicated  x-coordinate  is  measured  along  the 
helically  shaped  centerline  of  the  spring  wire.  The  y-axis  is  coincident  with 
the  coil  axis,  and  the  coordinate  y  =  y(x,t)  describes  the  instantaneous 
positions  of  all  points  along  the  x-axis. 


y  «  y(x,t) 


Figure  A-l 

Helical  Spring  Terminology 

The  following  terms  must  now  be  defined: 
d  *  wire  diameter 

D  ■  mean  coil  diameter 

L  ■  length  of  spring  wire  (along  x-axis  and  embracing  active  turns) 

N  -  number  of  active  turns 

Lq  *  free  length  of  spring 

f'  ■  f/N,  deflection  per  coil  due  to  force  Pf 

A  ■  cross-sectional  area  of  wire  (*dz/4) 

Jg  ■  polar  moment  of  inertia  of  wire  cross-section  (ird4/32) 
y  ■  density  of  spring  material 

g  ■  386. OS,  acceleration  of  gravity  (in/sec2) 

G  ■  modulus  of  rigidity 


A-l 


The  spring  constant  (*)  of  a  helical  spring  is  given  by: 


X  =  Pf  =  Gd4 
T  8D3N 

The  spring  constant  per  coil  of  the  spring  becomes: 


(A-la) 


c' 


Gd4 

8D3 


The  spring  constant  per  unit 


length  of  spring  wire  is  given  by: 


(A-lb) 


k  =  XL  =  Gd4L  =  Gd4(7TDN)  =  GdS 
8D3N  8D3N  8D2 


(A-lc) 


b.  External  Forces  Acting  on  Element  of  Length  dx 

4  V 

1  ni 


Figure  A-2 


y-AXI5  y 


Spring  Element  of  Length  dx 

If  the  element  of  length  dx  of  Figure  A-2  is  deflected  so  that  the  axial 
displacement  corresponds  to  dy,  one  may  use  the  following  proportionality 

dx  =  dy  ,  (A-2) 

T7N  f' 


A-2 


i.e.  dx  bears  the  same  relationship  to  th«  length  of  a  single  coil  as  dv  has  to 
the  deflection  of  a  single  coil  due  to  an  applied  force.  Therefore  using  partial 
derivatives 


3y  a  f’N  . 
3x  L 


(A-3) 


now  consider  the  force  in  the  y-direction  at  section  m  according  to  Eq.(A-lb) 

(A-4) 

and  substituting  the  value  of  f'  according  to  Eq.(A-3)  gives: 


P  =  c'f' 
m 


p  _  cm,  3_y 
m  “  N  3x 


(A-5) 


The  force  at  section  n  is  obtained  by  a  Taylor  Ser.  es  expansion  of  P,n,  i.  i. 


P 

n 


P 

m 


+  3  (Pjdx  = 
3x  m 


?  +  c'L  32y  dx 

m  —r: - *r 

N  3x2 


(A-6) 


Assuming  that  Pn  acts  in  the  direction  of  the  positive  y-axis  the  sum  of  the 
external  foices  IF,  acting  on  the  element  is  given  by: 


IF  »  P 

n 


P 

m 


P 


m 


c’L  32y 
N  3x* 


or 


IF  *  c'L  32y  dx  (A-7) 

N  2 

c.  P ’Alembert  Forces  Acting  on  Element  of  Length  dx 
Translational  D'Alembert  Force 

The  D'Alembert  force  due  to  the  translational  acceleration  of  the  element  of 
mass  dm  is  given  by: 


-  dm  32y 
3t2 


(A-8a) 


With 


dm  ■  ywd*-  dx 
4g 


A-3 


the  above  becomes: 


FDt  *  -  dX  (A-8b) 


D'Alembert  Force  Derivable  from  D'Alembert  Moment 

Figure  A-3  illustrates  that  the  application  of  an  axial  force  in  the  direction 
of  the  positive  y-axis  does  not  only  lead  to  the  axial  deflection  dy  of  the 
wire,  but  also  causes  it  to  rotate  about  the  x-axis  through  a  counterclockwise 
angle  d<f>. 


(DIRECTION 
OF  FORCE 


Figure  A-3 

Rotation  About  Wire  Axis  Due  to  Axial  Deflection 

This  rotation  leads  to  the  angular  acceleration  d2<#>/ dt 2  ,  and  therefore  to  the 
following  D'Alembert  moment  per  unit  length  dx: 


A-4 


TDr  "  MD  1 


Equation  (A-9)  then  becomes: 


Tnr  c  dx  lii 

gD  dt2 


(A- 10) 


The  angle  dt^  is  related  to  the  axial  deflection  dy  by: 


.  -  D  .  d±  D  . . 

dy  =  2  y  sin-j  -  ^  dd> 


(A- 11) 


Using  partial  derivatives  one  obtains: 

32<t>  =  2_  a2y 

at2  D  at2 

Substitution  of  Eq.(A-12)  into  Eq.(A-lO)  results  in: 


(A- 12) 


4V  dx  ^ 


(A- 13) 


d.  Partial  Differential  Equation  of  Motion 


The  differential  equation  of  motion  of  the  helical  spring  with  circular  wire 
is  obtained  with  the  help  of  D'Alembert’s  Principle- 


£F  +  =  0 


Substitution  of  Eq's.(A-7),  (A-8b)  and  (A- 13)  into  the  above  yields: 


(A- 14) 


c' k  ^2ydx  -  y  ^d2  ♦  4Jo]  a2y  dx  *  0 

ax2  SI  4  u2  J  at2 


(A- 15) 


Rearrangement  leads  to  the  following  result: 


h. 

ax2  at2 


(A-16) 


where 


A-5 


c’Lg 

Ny  f  tt j*^  +  4J. 

4  W 


_ :_.a _ 

"nd?  +  4J(. 
4  — ^ 

D” 


(A- 17) 


e.  Influence  of  Term  Containing  Tolar  Moment  of  Inertia  J„  on  the  Velocity  of 


Wave  Propagation 

The  expression  _ _ 


L—gs _ 

y  f~nd2  +  4J 
4  — 


A-18) 


as  given  by  Eq.(A-17)  represents  the  velocity  of  wave  propagation  or  surgi 
velocity  of  a  helical  sprin-;  with  circular  wire.  (See  also  Appendix  B-3b.) 
It  represents  the  velocity  with  which  a  disturbance  is  propagated  along  the 
x-coordinatc  of  the  spring.  In  order  to  examine  the  influence  of  the  term 
4J/L)2,  which  accounts  for  the  rotational  inertia  of  the  spring  wire,  let 
Eq.(A-18)  be  written  in  the  following  form: 


1  +  °-5(^y^) 


(A-18) 


The  term  /  1  equals  0.990  for  a  spring  index  D/d  =  5,  and  it  becomes 

Vl  ♦  0.5(d/U)2 

equal  to  0.994  when  D/d  =  10.  Since  the  above  range  of  spring  indices  is 
usually  encountered  in  practice,  one  may  write  liq . (A- 18)  for  all  springs  in  the 
following  form: 


a  =  0.99 


Y(^) 


(A- 19) 


A- <» 


2.  Determination  of  Maximum  Attainable  Velocity  at  Free  End  of  Helical  Spring 


The  following  uses  the  partial  differential  equation  (A-16)  to  determine  the 
displacement  y(x,t)  as  well  as  the  velocity  y(x,t)  of  a  helical  spring  which  is 
fixed  on  one  end  to  the  support  S  (see  Figure  A-l) ,  and  whose  other  end  is 
initially  compressed  a  distance  (-)f  before  it  is  released. 

The  solution  of  the  above  makes  it  possible  to  find  the  maximum  attainable 
velocity  of  the  free  end  of  the  spring. 

a.  Boundary  Conditions 

Since  the  spring  wire  remains  fixed  to  the  support (s)  at  all  times 

y(0,t)  =  0  (A-20a) 

The  spring  is  free  at  x  =  L.  This  is  expressed  by  saying  that  there  is  no  force 
at  this  point  and  therefore  there  is  no  strain.  The  force  at  any  element  was 
described  by  Eq.(A-5) 


P 


m 


c'L  3y 
N  3x 


Since  c'L/N  ^  0,  for  Pm>x  _  ^ 


a  0,  the  second  boundary  condition  must  be: 


ay.(L,t)  _  o 
3x 


(A-20b) 


b.  Initial  Conditions 

Let  it  be  assumed  that  the  initial  deflection  of  all  elements  along  the  x-axis 
is  proportional  to  the  deflection  (-f)  at  x  »  L.  Thus 

y (x,0)  =■  -  f  x  =  /(x)  (A-21a) 

L 

Since  all  parts  of  the  spring  arc  standing  still  when  t  =  0,  the  second 
initial  condition  becomes: 

3y.(x,0)  =  0  =  2(x)  (A_21b) 

3t 

c.  Solution  of  the  Equation  of  Motion 

Using  the  method  of  separation  of  variables  for  the  solution,  one  lets 

y(x,t)  =  X(x)T(t)  (A-22) 

To  satisfy  Eq.(A-16),  one  must  let 

X(x)  *  Cjcosix  +  C^sinAx  (A-23) 

A-7 


while 


'l(t)  =  C.eosAat  +  C.sinAat  (A-24) 

4 

The  coefficients  and  C2  are  now  found  from  the  boundary  conditions  of 
Eq's.  (A-21a)  and  (A-21b) 

X(0)  =  0  =  Cj (1)  +  C2(0)  (A-25a) 

and  thus 

Cj  =  0  (A- 26) 

Furthermore 


X' (L)  =  0  =  C2AcosAL 

For  a  nontrivial  solution,  where  C2  ^  0,  one  must  satisfy 
cosAL  =  0  . 

This  occurs  when 

AL  =  itm  (n=l,3,5,...  odd)  , 

2 

and  thus  the  eigenvalue  A  must  be 

A  =  ivir 
2  L 

Equation  (A-23)  then  becomes: 

v  f  fs  •  ri  tt 

Xn(xj  a  SiSin2LX 

i.e.  there  will  be  an  Xn(x)  for  each  n. 

Similarly  Eq.(A-24)  takes  the  form: 


T 

n 


(t) 


,  nira^.  „  .  nna. 

A  cos-^p-t  +  B  sin^p- 1 
n  2  L  n  2  L 


(A-25b) 


(A-27) 


( A- 28 ) 


(A-29) 


The  total  solution  is  a  summation  of  all  Xn(x)Tn(t)  according  to  Eq.(A-22): 

00 


y(x,t) 


2 

n=l  ,3, . 


mia. 
(D  cos-rr—t 
n  2L 


r.  nira..,  .  mt 
E  ^-r—tJsxnTrx 
n2L  2L 


odd 


(A- 30) 


Since  Eq.(A-21b)  shows  that  all  initial  velocities  are  zero,  i.e.  g{\)  «  0,  it 
follows  that 


(A-31a) 


A-8 


Equation  (A-21u)  serves  for  the  evaluation  of  Dn.  Thus: 


y(x,0)  -  /(x)  =  fx  « 


•  u 

2 


.  nn 

0  s  iu---x 
n  2L 


(A -31b) 


1,3,...  odd 


To  evaluate  Dn  multiply  both  sides  of  Eq.(A-31b)  by  siny^x  dx  and  integrate 


between  0  and  L: 


~  l  .  nm  . 

-  I  x  suiypx  dx  = 

'Jo 


..1  .mi  .  mn  . 

D  1  sin.-,Tx  si n^-.-x  dx 
n I  2L  2L 


(A-32) 


1,3,...  odd 


Tor  m  i  n  the  integral  on  the  right  hand  side  of  Eq.(A-32)  vanishes,  i.e. 


s i iiypx  sin~x  dx  =  y|  cos (»-m)_n_x  dx  -  y|  cos(n+m);n_x  dx 

o  Jo  21  Jo  21 


r  L  L 

=  JL  sin(n-m)  nx  -  s i n (n+m)  nx 

it  (n-m)  2L  (n+m)  2L 

0  o' 


L-i 

=  0 
n 


The  above  is  proven  as  follows: 

a.  Tor  m  =  odd:  Since  n  =  odd,  all  (n-m)  as  well  as  (n+m)  will  be  even, 

sin(n-m)n/2  and  sin(n+m)»/2  will  have  the  form  sin(kx), 
where  k  =  1,2,3,.... 

b,  for  in  =  even:  Since  n  =  odd,  all  (n-m)  and  (n+m)  will  be  odd,  and  the 

difference  between  (n+m)  and  (n-m)  will  be  equal  to  2m. 
Thus  (n+m)n/2  and  (n-m)n/2  arc  angles  which  are  nut  radians 
out  of  phase,  and  the  signs  and  values  of  the  sine 
functions  are  identical. 

For  m  -  n  Eq.(A-32)  becomes: 


-  fj  x  sin^-x  dx  =  ^  l>nJ  sin2  y£x  dx 

0  1,3,...  odd  ° 


(A-33) 


Since 


■)  nn  . 

sin  2lX  “x 


(1  -  cosj^-x)  dx 

Si 


-  k  . 
"  2 


(A- 34 ) 


one  obtains 


2i  .  mr  , 

0  =  -  —  x  SinrrX  dx 

n  ,2 
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Integration  by  parts  of  the  above  leads  to: 


„  8f  .  nTr 

n  n<V  2 


(A-36) 


Equations  (A-31a)  and  (A-36)  are  now  substituted  into  Eq.(A-30),  and  the 
solution  is  given  by: 


y(x,t)  - 


8f  .  nir  .  an  nn  . 
sm— rr  sin-ypx  cos^-.-at 

jjZ.^Z  Z  Li  Z  Li 


(A-37) 


n=l , 3, . . .  odd 


d.  Maximum  Velocity  of  Free  End  of  Spring 

Equation  (A-37)  becomes  for  the  free  end  of  the  spring,  i.e.  for  x  =  L: 


y(L,t)  = 


.  ->  nn  n it 

sin^  —  coiyj-at 


(A-38a) 


n=l ,3, . . .  odd 


and  since 


sin2  =  1  ,  for  n=l,3,...  odd 


one  may  write  the  above  as 


y(L,t) 


8f  I*7T 

77  cosju1* 


(A-38b) 


n=l ,3, . . .  odd 

The  velocity  at  x  =  L  is  given  by  differentiation  of  the  above: 


.  ...  X  4fa  .  nn  . 

K-(  '  '  "  ^  ““'IL0'  (A 

n= 1 ,3, . . .  odd 

To  find  the  maximum  attainable  velocity  at  x  =  L,  one  differentiates  again 
with  respect  to  time  and  sets  the  result  equal  to  zero: 


(A-39) 


af^L.t)  =  0  -  >  it*!.  cosIHLat 

at2  2L2  ^ 

n=l ,3, . . .  odd 

The  series  will  vanish  for  all  n  for  the  first  time  when 


(A-40) 


A- 10 


i.e.  when, 


t  =  'l'  =  -  (A- 4 1 ) 

s  a 

t  =  Tg  is  known  as  the  surge  time.  This  is  the  time  it  takes  for  the 
releasing  tension  wave  to  travel  along  the  full  length  (L)  of  the  wire  with 
the  surge  velocity  (a).  (See  Appendix  B.) 


Substitution  of  Liq.(A-41)  into  hq.(A-3y)  gives  the  maximum  velocity  at  x  =  L 
during  the  first  cyclic  motion  of  the  spring: 


MAX, 


3t  a 


I 


4fa  .  nit 
— r-  sin- =- 
miL  2 


n=l  ,3, . . .  odd 

To  evaluate  the  above  consider  lsin(mi)  for  various  values  of  n 


odd : 


n  =  l: 

n  =  3: 

n  =  S: 


lsin(im) 


lsin(mr) 


lsin  (nit) 
n  2 


1 


-1 

3 


1  ;  etc. 
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(A-42) 


Since 


«x> 


sin  nn/2 
n 

odd 


71 
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equation  (A-42)  may  he  expressed  as 


fa 

L 


Now  if  Lq.(A-lU)  is  substituted  for  (a)  in  the  above,  one  obtains: 


(A-43) 


MAX, 


■  VH 
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(A-44) 


Tlie  symbol  is  used  throughout  tiiis  report  for  the  maximum  velocity 
attainable  by  the  free  end  of  a  helical  spring  (which  does  not  drive  any  mass). 

Now  consider  that  the  deflection  f  may  be  expressed  in  terms  of  the  spring 
constant  and  the  respective  load  Pf,  i.e. 


Further,  the  shear  stress  which  corresponds  to  f  is  given  by 


A- 11 


SHE 


f 

Tf  "  nd3 
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so  that 


f  = 


T^Tld3 


8DX 


(A-46) 


Substitution  of  the  above  into  Eq.(A-44)  leads  to 


V  =  0-99ifi/”dX— 

11  tlyi6YD2LA 


(A-47) 


Further  substitution  of  Eq.(A-lc)  for  the  spring  constant  per  unit  length  of 
wire  (aL)  gives 


V.l  =  0  ‘  ^Tf  A/ 2yG 


(A-48) 


NOTE: 


For  a  spring  made  of  steel  with  y  =  0.283  lb/ in3  and  G  *  11.5xl06 


(in/sec) 


(A-49) 


With  a  permissible  *  f  =  200,000  psi,  (in  absence  of  curvature  correction),  the 
velocity  of  the  free  end  of  a  spring  becomes  1527  in/sec. 


APPENDIX  B 


DETERMINATION  OF  VELOCITIES  OP  FREELY  EXPANDING  SPRINGS  AND  SPRING  DRIVEN 
MASSES  BY  MEANS  OF  WAVE  PROPAGATION  THEORY 

K.  Maier  [35-37]  has  shown  without  proof  that  wave  propagation  theory  may  be 
used  to  excellent  advantage  for  the  determination  of  spring  velocities  under 
various  circumstances.  This  approach  furnishes  simple  design  equations  without 
requiring  the  knowledge  of  eigenvalues  of  the  partial  differential  equation. 

(See  Appendix  A.) 

The  following  work  gives  the  derivations  of  the  above  mentioned  design  equations, 
starting  with  the  underlying  principles  of  wave  propagation  in  prismatical  bars 
[31]. 

1.  Longitudinal  Pressure  Waves  in  Thin  Prismatical  Bars 

Concepts  of  Particle  Velocity  and  Velocity  of  Wave  Propagation 


(b) 


Figure  B-l 

Initiation  and  Transmission  of  Pressure  Wave 


a.  Pressure  wave  of  length  l  is  initiated. 

b.  Pressure  wave  travels  across  bar. 


Figure  B-l  shows  a  thin  long  uniform  bar  of  elastic  material.  If  a  uniformly 
distributed  load  P  is  suddenly  applied  to  the  end  of  the  bar,  and  acts  for  a 
time  t,  then  a  pressure  wave  will  be  started  at  this  end,  and  it  will  move 
along  the  bar.  This  pressure  wave  represents  a  zone  in  which  the  material  of 
the  bar  is  under  compression. 

In  front  of  the  zone  as  well  as  behind  it  the  material  is  entirely  uncompressed 
and  at  rest.  At  each  instant  new  material  in  front  of  the  zone  is  about  to  be 
compressed,  while  at  the  same  time  material  at  the  rear  of  the  zone  is  losing 
its  compression. 

B-l 


Thus  the  zone  can  move  along  the  full  length  of  the  bar,  although  individual 
particles  have  only  the  small  motion  involved  in  compression  and  decompression 
as  the  zone  passes. 

The  velocity  with  which  the  pressure  zone  advances  along  the  bar  is  termed  the 
wave  propagation  velocity  (a),  while  the  velocity  of  the  individual  particles 
within  the  pressure  zone  is  called  the  particle  velocity  (v) .  This  phenomenon 
may  be  explained  as  follows:  When  the  force  P  is  applied  it  compresses  the 
material  near  the  end  of  the  bar.  The  compressed  portion  is  shortened  slightly, 
i.e.  some  of  it  experiences  a  displacement,  and  in  being  displaced  is  given  a 
velocity.  (This  velocity  is  towards  the  right  in  Figure  B-l.)  It  strikes  the 
stationary  material  in  front  of  it  and  compresses  it,  and  starts  it  moving.  In 
so  doing  it  is  stopped  itself,  and  the  zone  of  compression  moves  foward.  Thus 
the  material  in  the  compressed  zone  always  has  a  certain  velocity,  while  the 
material  in  front  of  it  and  behind  it  is  at  rest. 


Expressions  for  the  particle  velocity  as  well  as  for  the  velocity  of  wave 
propagation  will  now  be  derived.  Let  the  following  magnitudes  be  defined: 


P  *  magnitude  of  compressive  force 

t  =  time  during  which  the  compressive  force  acts 

L  =  length  of  bar 

£  =  length  of  compressive  or  tensile  zone 

v  =  particle  velocity 

a  *  velocity  of  wave  propagation 

E  =  modulus  of  elasticity 

A  a  cross-sectional  area  of  the  bar 

m  *  yA(l) t  the  mass  per  unit  length  of  bar 

Y  *  pg,  density  of  bar  material  (lb/in3) 

g  «  gravitational  constant  pL 

k  *  EA,  stiffness  constant  per  unit  length  of  bar,  from  E  = 

P  EA 

one  obtains  the  stiffness  of  the  total  bar  as  “  ~ L  '  W*ien 
L  equals  unity,  the  above  expression  results. 

a.  Particle  Velocity 

When  the  zone  of  length  £,  (see  Figure  B-l),  is  compressed  by  the  force  P,  it 
is  foreshortened  by  the  amount 


d£ 


P£  P£ 

ea  ■  l r 


(B-l) 


During  this  period  force  P  does  the  work 

p2( 

Np  •  p  dl  «  Y 

The  kinetic  energy  of  the  mass  in  the  zone  of  length  £  is  given  by: 

Ek  .  iffl£v2 

The  strain  energy  of  this  zone  is  found  from  the  unit  strain  energy  in 
compression  or  tension: 


(B-2) 


(B-3) 


B-2 


'¥  ' 


E  =  ■=•  o  e 
su  2 

where 

o  =  compressive  or  tensile  stress 

e  =  compressive  or  tensile  strain  due  to  o 

Thus  for  the  zone  of  volume  M  one  obtains 

£  i  2.  r oat  =  •—  — f =  — -- 

s  2  A  &  U A)  2A  kl  ;  2k 

The  energy  balance  of  the  compressed  zone  is  given  by: 

WP  =  EK  +  Es 

or  with  the  help  of  Eq's.(B-3),  (B-4)  and  (B-5) 

£  mdv2  ,  P?i 
k  =  ~2  +  2k 


(B-4) 


(B-5) 


(B-6) 


(B-7) 


Note  that  the  above  shows  that  the  total  energy  in  the  zone  is  half  potential 
and  half  kinetic.  Equation  (B-7)  is  now  used  to  determine  the  particle 
velocity: 


v  = 


(B-8) 


When  the  above  is  expressed  in  terms  of  the  stress  and  the  mass  density  p , 
one  obtains: 


v  =  a 


(B-9) 


Equation  (B-9)  shows  that  the  particle  velocity  depends  entirely  on  the  stress 
applied  to  a  given  bar. 

b.  Velocity  of  Wave  Propagation 

During  a  time  dt  the  pressure  zone  advances  the  distance  adt,  where  a  is  the 
velocity  of  wave  propagation. 

The  associated  change  of  momentum  experienced  by  an  element  of  length  adt  is 
given  by: 


m  (adt)  (v  -  0)  =  m  (adt)  P 


( B- 10) 


According  to  the  Principle  of  Linear  Momentum,  this  momentum  change  equals  the 
impulse  experienced  by  the  mass  involved.  Since  the  compression  P  represents 
the  only  force  acting,  one  obtains: 


P  dt  =  m  (adt)  P/ 


( B- 11) 


The  velocity  of  wave  propagation  may  now  be  determined  as 


or  iii  different  terms: 


Equation  ( B - 1 3 )  indicates  that  the  wave 
on  the  material  properties  of  the  bar. 


(B-12) 

(B- 13) 

propagation  velocity  depends  entirely 


It  should  still  be  pointed  out  that  when  dealing  with  the  above  described 
compression  wave,  ihe  velocity  of  the  individual  particles  has  the  same 
direction  as  that  of  the  advancing  wave.  In  a  tension  wave  the  velocity  of  the 
individual  particles  is  in  the  opposite  direction  to  that  of  the  wave 
propagation. 


2.  Superposition  of  Waves 

Wave  Reflections  at  Free  and  Fixed  Ends  of  Bars 


Superposition  of  waves  is  valid  as  long  as  the  material  follows  Hooke's  Law, 
and  there  is  no  friction.  The  resulting  force  or  stress  level,  as  well  as  the 
resulting  particle  velocity  are  t he  vectorial  sums  of  ..he  respective 
omponc-nts.  In  the  following  discussion  it  is  assumed  that  the  bar  is  of 
constan  cross-section  and  of  the  same  material  throughout. 

a.  Two  Compression  (or  Tension)  Waves  Meet 

Figure  B-2  depicts  the  conditions  of  the  forces  and  the  particle  velocities 
when  t  vo  compression  waves  meet.  It  is  assumed  that  both  ends  of  a  prismatic 
bar  e>pcriencc  suddenly  applied  and  uniformly  distributed  compression  loads  of 
diffeient  magnitudes  and  durations.  Similar  conditions  would  prevail  if  both 
waves  were  produced  by  tensile  loads.  Part  (a)  shows  the  two  wives  of 
compression  Pi  and  1*2  traveling  towards  each  other  with  identic;' 1  absolute 
values  of  wave  propagation  velocity  a.  The  particle  velocities  of  both  waves 
have  the  same  directions  as  their  associated  wave  propagation  velocities. 

Sincj  vi  is  defined  as  having  a  positive  direction,  the  direction  of  vj  is 
courted  as  negative.  'In  the  case  of  two  tension  waves  these  sign:  would  be 
reversed.) 


When  the  w  ves  meet,  as  shown  in  part  (b),  the  resulting  compression  force 

w  f2 =  V713!  (B-14) 


Pp  becomes : 


The  resu  ting  particle  velocity  is  obtained  with  the  help  of  Eq.(B-8): 


VR  *  V1  *  V2  :i  V1  ’  v2  = 


P  -  P 
_1 _ _2 

/mT 


(B- 15) 


Thus  '  ne  stress  level  is  increased,  while  the  particle  velocity  becomes 
small  r  than  the  largest  component  velocity. 
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Part(c)  shows  that  once  the  waves  have  passed  each  other,  each  continues  with 
its  original  stress  and  particle  velocity. 

The  above  allows  a  certain  deduction  concerning  the  stress  at  the  fixed  end  of 
a  bar  or  a  beam.  Due  to  the  fixity  there  cannot  be  any  particle  velocity  at 
such  a  point.  To  assure  this  condition,  the  stress  of  the  reflected  wave  must 
be  of  the  same  magnitude  and  sign  as  that  of  the  incident  wave.  This  causes 
the  particle  velocities  of  the  reflected  and  incident  waves  to  be  equal  in 
magnitude  but  of  opposite  signs.  While  the  particle  velocity  at  such  an  end 
point  becomes  zero,  the  stress  doubles. 


b.  One  Compression  and  One  Tension  Wave  Meet 

Figure  B-3  indicates  the  conditions  of  the  forces  and  the  particle  velocities 
when  a  compression  and  a  tension  wave  meet.  Part  (a)  shows  both  waves  traveling 
towards  each  other  with  identical  absolute  values  of  wave  propagation  velocity 
a.  LoadJFj  is  compressive,  while  load  P2  is  tensile.  The  particle  velocities 
Vj  and  V2  have  identical  signs  and  are  positive. 


Part  (b)  shows  the  meeting  of  these  waves.  Because  of  the  signs  of  the 
component  forces  one  finds  the  resultant  force  PR  smaller  than  either  of  the 
component  forces ,  i . e . : 


CB- 16) 


On  the  other  hand,  the  resulting  particle  velocity  vR  is  larger  than  that  of 
either  of  the  component  waves: 


VR  =  V1  4  v2  *  V1  +  V2  = 


P  +  P 
1  2 

/ ink 


(B-17) 


Part  (c)  again  indicates  that  once  the  waves  have  passed  each  other,  each 
continues  with  its  original  properties. 

The  presently  discussed  case  allows  c  deduction  concerning  the  particle 
velocity  at  the  free  end  of  a  bar  or  beam.  Since  there  will  be  no  opposing 
forces,  the  stress  at  such  a  free  end  must  be  zero.  To  assure  this  condition, 
the  stress  of  the  reflected  wave  must  be  of  the  same  magnitude,  but  of  opposite 
sign,  as  that  of  the  incident  wave.  As  a  consequence  the  particle  velocity  of 
the  reflected  wave  is  equal  to  that  of  the  incident  wave  both  in  magnitude  as 
well  as  in  sign.  While  the  stress  becomes  zero  in  this  manner,  the  particle 
velocity  doubles  at  the  free  end. 

Up  to  now  only  waves  produced  by  constant  forces  were  considered.  The  stress  0 
and  the  particle  velocity  v  were  constant  along  the  wave.  In  the  case  of  a 
variable  force,  a  wave  will  be  produced  in  which  a  and  v  vary  along  the  length. 
Conclusions  obtained  above  regarding  propagation,  superposition  and  reflection 
of  waves  can  also  be  applied  in  this  more  general  case. 
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3.  Application  of  Wave  Propagation  Theory  to  Helical  Springs 
a.  General  Relationships 

The  expressions  for  particle  velocity  and  wave  propagation  velocity  derived  for 
thin  prismatical  bars,  as  given  by  Eq's.(B-8)  and  (B-12),  can  be  applied  to 
helical  springs,  if  one  adapts  the  parameters  m  and  k  to  the  situation  at  hand. 
Thus  one  must  define: 

m  =  mass  per  unit  length  of  spring  wire  along  x-axis  as  defined  by 
Figure  A-l  of  Appendix  A. 

k  =  stiffness  constant,  or  spring  constant  per  unit  length  of 
spring  wire  (also  along  x-axis),  (see  Eq.(A-lc)). 

m  is  obtained  with  the  help  of  the  cross-sectional  area  A  of  the  spring  wire 
and  the  unit  length  along  the  x-axis.  Thus: 


m  =  A(l)v  „  TTd^Y 
g  ~  4g 


( B- 18) 


The  parameter  k  is  derived  with  the  help  of  the  spring  constant  X  for  the 
whole  spring  as  given  by  Eq.(A-la)  in  Appendix  A: 


X 


Cd4 

8D3N 


(B-19) 


Since  the  above  is  the  spring  constant  for  the  full  length  L  along  the  x-axis, 
any  shortening  of  the  spring  increases  the  stiffness,  one  obtains  k  from: 


k- 

8D3N  8U2 


(B-20) 


b.  Velocity  of  Wave  Propagation  or  Surge  Velocity  in  Helical  Springs 

When  Eq's.(B-18)  and  (B-20)  are  substituted  into  Eq.(B-12)  one  obtains  the 
following  expression  for  the  surge  velocity: 


As  in  Eq.(A-l8)  this  represents  the  surge  velocity  when  the  rotational  inertia 
of  the  wire  is  neglected.  This  expression  furnishes  slightly  large  values,  and 
it  is  best  to  use  the  corrected  form  of  Eq.(A-19),  i.e. 
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a  =  0.99  /—^ —  (B-22) 

c.  Particle  Velocity  in  Helical  Springs  Without  Driven  Mass 

Substitution  of  Eq's.(B-18)  and  (B-20)  into  Eq.(B-8),  together  with  the 
expression  relating  the  load  p£  of  the  spring  to  its  associated  maximum 
shear  stress  t.£,  i.e. 

t -.nd3 

p  _  _£ - 

f  8D 


leads  to  an  expression  for  the  particle  velocity  as  a  functior  vr  the  maximum 
shear  stress: 


v 


*f 


/X 

V  2yG 


(B-23) 


The  same  expression  results  when  one  substitutes  Eq.(B-21)  into  Eq.(A-43)  to 
obtain  vmax  l.  If  one  includes  the  rotational  inertia  term,  the  particle 
velocity  becomes  identical  with  the  maximum  velocity  at  x  =  L  as  given  by 
Eq.(A-48): 

VH  *  CB'24> 

Equations  (B-22)  and  (B-24)  are  used  throughout  this  report  as  the  applicable 
design  equations. 
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d.  Maximum  Attainable  Velocity  of  Helical  Spring  Without  Dr '  v t -a  :  .tss» 


Time  of  Separation  from  Support 


y-AXIS 


Figure  B-4 
Helical  Spring 

Figure  B-4  shows  a  helical  spring  which  is  compressed  a  distance  f  along  its 
y-axis  by  a  corresponding  axial  force  Pf.  The  spring  is  not  rigidly  fastened 
to  the  support  at  point  Z.  Contact  is  maintained  only  as  long  as  there  is  a 
contact  force.  As  soon  as  the  contact  force  vanishes  the  spring  will  fly  off 
the  support.  Note  that  L  is  the  length  of  the  wire  along  the  x-axis. 

When  the  force  P^  is  suddenly  removed,  a  tensile  wave  containing  a  force  (-)Pf 
will  start  moving  into  the  spring  in  the  direction  from  point  A  to  point  Z. 
Associated  with  this  relieving  force  is  the  particle  velocity 


v 


H 


°-99lf 


(B-2S) 


according  to  Eq.(B-24).  As  this  tensile  wave  progresses  all  portions  of  the 
spring  will  acquire  this  velocity,  and  the  axial  force  will  become  zero. 

Once  the  particles  at  point  Z  have  attained  the  above  velocity,  the  spring  will 
fly  off  its  support.  This  will  occur  at  the  time 
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L 

a 
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where  a  is  the  surge  velocity  according  to  Eq.(B-22)  and  T  is  called  the 
surge  time.  Of  course  one  starts  counting  time  when  the  fofce  is  removed 
from  point  A  of  the  spring. 


Since  all  particles  have  the  same  velocity  when  the  spring  separates  from  its 
support,  i.e.  there  will  be  no  strain  energy  locked  into  the  spring,  there 
cannot  be  any  vibratory  motion  in  the  spring  after  separation. 

e.  Maximum  Velocity  of  Spring  Driven  Mass 

I .  Period  Between  t  =  0  and  t  =  2TC 

A.  Derivation  of  Tensile  Force  and  Particle  Velocity  Associated  With  Tension 
Wave 


The  following  considers  the  events  experienced  by  the  spring  mass  system  shown 
in  Figure  B-5  between  the  time  t  =  0,  when  the  deflecting  force  P^is  removed 
from  the  mass  M  and  thus  a  leftward  moving  tensile  wave  is  started  at  point  A, 
and  the  time  t  =  2TS  =  2L/a,  when  the  front  of  this  wave  returns  to  point  A 
after  having  been  reflected  at  point  Z  at  the  other  end  of  the  spring. 


Figure  B-5 

Spring  Driven  Mass  M 

Since  the  effect  of  the  removal  of  the  deflecting  force  is  communicated  along 
the  length  L  of  the  spring  wire  with  the  surge  velocity  a,  one  is  justified  in 
treating  this  situation  in  terms  of  the  superposition  of  a  constant  compression 
of  magnitude  and  a  leftward  moving  relieving  tensile  wave.  The  magnitude  of 
the  tensile  force  P(t)  associated  with  this  tensile  wave  will  now  be  derived  by 
considering  the  law  of  motion  of  mass  M  under  the  given  circ  istances. 

Figure  B-6  shows  a  free  body  diagram  of  mass  M  at  the  time  t  *  0  when  the 
deflecting  force  P£  has  just  teen  removed. 
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Figure  B-6 

Free  Body  Diagram  of  Mass  After  Deflecting  Force  has  Been  Removed 

The  only  force  acting  on  the  mass  is  the  contact  force  F,  which  consists  of  the 
vector  sum  of  a  force  equal  and  opposite  to  the  deflecting  force  Pf,  (i.e. 
acting  along  the  positive  y-axis)  and  the  relieving  tensile  force  P(t)  of  the 
tension  wave,  wnich  may  be  thought  of  as  acting  on  the  mass  in  the  negative 
direction  of  the  y-axis.  Thus: 

F  =  Pf  -  P(t)  (B-27) 

The  differential  equation  of  motion  according  to  Newton's  Law  becomes: 

Pf  -  P(t)  -  M  ^  (B-28) 

Now  one  considers  that  the  velocity  of  the  mass  must  be  identical  with  the 
velocity  of  the  particle  at  the  contact  point  A  as  long  as  contact  exists 
between  the  mass  and  the  spring.  The  particle  velocity  is  only  a  function 
of  the  tensile  force  P(t),  and  therefore  it  is  expressed  according  to  Eq.(B-8): 


dv  _  dpm/r 
cTt  dt  V  mk 


Substitution  of  Eq.(B-29)  into  Eq.(B-28)  leads  to: 
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Pf  *  P  ' 


dP 

dt 


or 
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♦  4P-  P  *  p.  ~  (B-30) 

dt  M  f  M 

The  complementary  solution  to  Eq.(B-30)  is  obtained  by  means  of  the  trial 
function 
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Substitution  of  this  trial  function  and  its  derivative  into  the  homogeneous 
part  of  Eq. (B-30)  leads  to  the  solution  for  the  characteristic  value  s: 
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(B-31) 


The  complementary  solution  is  given  by: 
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(B-32) 


where  C  is  a  constant  which  must  be  determined  from  the  initial  conditions. 
The  particular  solution  of  Eq.(B-30)  is  now  obtained  by  the  Method  of 
Undetermined  Coefficients.  With  the  asssimption  that 

dP 

Pp  *  C2,  and  therefore  -  0  (B-33) 

one  obtains  after  substitution  into  Eq.(B-30): 

Pp  =  Pf  (B-34) 

The  general  solution  is  then  given  by  the  addition  of  Eq's.(B-32)  and  (B-33): 

P(t)  =  Cj  e  M  +  Pf  (B-35) 

It  remains  now  to  solve  for  the  constant  C,  with  the  initial  condition  for 
P(t)-: 


P(0)  *  0  (B-36) 

i.e.  at  the  instant  of  the  release  of  the  deflecting  force  Pf  the  relieving 
tension  is  still  zero.  Substitution  of  Eq.(B-36)  into  Eq.(B-35)  leads  to: 

Cj  ■  -  Pf  (B-37) 

and  the  expression  for  the  relieving  tension  force  at  point  A  is  finally 
given  by: 

-  »'mk~  t 

P(t)  *  Pf(l  -  e  M  )  (B-38) 

The  velocity  of  mass  M,  as  well  as  the  particle  velocity  at  point  A,  is  then 
for  the  period  under  consideration  according  to  Eq,(B-8): 
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(B-39) 


This  velocity  is  along  the  positive  y-axis.  The  contact  force,  according  to 
Eq.(B-27),  becomes: 
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(B-40) 


-  >/mk  t 

F  ■  Pf  -  P(t)  =  Pf  e  M 
B.  Desirable  Change  in  Notation 

To  conform  with  the  notation  usually  found  in  the  literature  dealing  with  wave 
propagation,  one  considers  that  according  to  Eq.  (B- 12): 


and  thus 


i2  =  i 
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k  *  a2m 


and  accordingly 

t'rnlc  a  am 

Now  consider  the  exponent  of  Eq’s.(B-38)  to  (B-40): 

✓mk  *  am  =  am(L) 

M  M  M(L) 

and  since 

rnL  ®  m  ,  the  mass  of  the  spring 
and  further  according  to  Eq.(B-26): 


(B-41) 


(B-42) 


(B-43) 


(B-44) 


-  =  T 
a  s 

one  may  write: 

v'SJT  ms 

M  "  MT 

§ 

If  one  introduces 

(B-45) 

T  a  2T 

s 

(B-46) 

where  T  represents  the  time  it 
twice,  then  Eq.(B-45)  becomes: 

takes  for  a  surge  wave  to  traverse  the  spring 

vQT  2ms 

M  *  MT“ 

(B-47) 

Now  one  introduces 

„  ms 
a  mW 

(B-48) 
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Thus  finally  one  obtains 


2a  (B-49) 

M  T 

and  Eq.(B-38)  becomes: 

-  —  t 

P(t)  =  Pf(l  -  e  T  )  (B-50  a) 

-2ott 

and  Eq.  (B-39)  together  with  Eq.  (B-25)  becomes:  Vj  =  v^(l-e  )  (B-50  b) 

C.  Separation  of  Spring  from  Support  at  Point  Z 

While  the  tensile  wave  travels  from  point  A  to  point  Z  the  total  force  Pt^ 
at  any  location  will  be  given  by  1 

Pt(l)  =  ‘  Pf  +  P(t)  (B‘51) 

A  negative  sign  has  been  chosen  for  compression,  i.e.  P^.,  while  P(t)  which 
represents  tension,  has  been  given  a  positive  sign. 

Whenever  the  wave  arrives  at  an  arbitrary  place  between  points  A  and  Z,  the 
magnitude  of  P (t )  corresponds  to  that  at  point  A  at  t  «  0,  i.e.  P  =  0.  The 
magnitude  of  P(t)  at  the  same  point  at  any  time  At  later  is  found  by  computing 
the  value  of  P(aO  at  point  A. 

When  the  tensile  wave  arrives  at  point  Z,  it  is  reflected  with  the  same  sign 
since  the  particle  velocity  at  this  point  must  vanish  as  long  as  contact  is 
maintained.  (See  also  Section  2a  of  this  appendix.) 


The  total  force  at  point  Z  before  separation  has  occurred,  and  after  the  wave 
has  been  reflected  is  given  by: 


ptz  -  -  Pf  +  2P(t) 


(B- 523 


If  one  now  starts  counting  time  at  the  instant  the  tensile  wave  arrives  at 
point  Z,  Eq. (B-52)  becomes  with  the  help  of  equ.  (B-50): 


Pf  ♦  2Pf(l  -  e 


(B-53) 


The  spring  will  leave  the  support  at  the  time  t^»  after  the  tensile  wave  has 
arrived  at  point  Z,  when  the  force  P of  the  last  equation  becomes  zero.  Thus 
one  obtains  for  Eq . (B-53) : 


0  =  Pf[-1  +  2(1 
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or 
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0  =  1 


2e 


-  t 
T  2 


This  leads  to 


Kith  the  help  of  Eq's.(B-26)  and  (B-48)  one  obtains: 


t  =  J-  in  2  .  — T  In  2  CB-SSJ 

z  2a  n»s  s 

To  find  the  time  of  separation  of  the  spring  at  point  Z  when  time  is  counted 
from  the  moment  the  deflecting  force  is  removed  from  the  mass,  one  considers: 


T  =  T  +  t  =  T  (1  +  —  In  2)  ( B- 56) 

z  s  z  s  m 
a  s 

Equation  (B-56)  is  valid  only  for  the  mass  ratios  M/m  <  2.89  and  for  t  <  3T  . 

S  "*  5 

The  time  restriction  is  based  on  the  fact  that  at  t  =  3Tg,  counted  from  the 
removal  of  the  deflecting  force,  a  further  reflection  of bthe  wave  will  take 
place  at  the  point  Z  and  Eq.(B-52)  ceases  to  be  a  valid  description. 

This  consideration  is  also  responsible  for  the  restriction  on  the  mass  ratio. 
Equation  (B-55)  is  only  valid  for  t  <  2T  ,  with  the  time  counted  from  the 
instant  of  arrival  of  the  wave  at  point  Z.  Therefore  Eq.(B-55)  must  satisfy: 


2T 

s 


2L 

a 


-  In  2 
a 


(B-57) 


Then 


M_  _2 _ 

m  —  In  2 
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2.89 


(B-58) 


This  means  that  whenever  M/m  >  2.89  the  separation  at  point  Z  will  take  place 
at  a  time  later  than  t  *  3TS^  counted  from  the  instant  of  the  removal  of  the 
deflecting  force  Pf,  and  a  new  set  of  equations  must  be  derived. 
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i I .  Period  Between  t  »  2Te  and  t  =  4Tg 

Separation  of  Mass  from  Spring 

A.  Determination  of  Contact  Force  Between  Mass  and  Spring 

Separation  of  mass  M  from  the  spring  at  point  A  will  occur  when  the  contact 
force  between  them  becomes  zero.  It  is  the  purpose  of  the  following  to  determine 
this  time  TA,  counted  from  the  removal  of  the  deflecting  force.  Since  at  this 
time  the  particle  at  point  A  will  have  attained  its  maximum  velocity,  it  also 
represents  the  instant  of  maximum  velocity  of  mass  M. 

Examine  now  the  magnitude  of  the  contact  force  at  point  A  just  an  instant  before 
the  tensile  wave,  which  has  been  reflected  at  point  Z,  arrives  again  at  point 
A  This  occurs  at  t  <2L/a  =  2T,.  *  T.  According  to  Eq.(B-40),  the  magnitude  of 
the  contact  force  for  0  <  t  <  T: 


F  =  Pf  e  ‘  (B-59) 


(With  the  above  sign  it  represents  the  force  of  the  spring  on  the  mass  in  the 
direction  of  the  positive  y-axis.)  Substitution  of  t  *  T,  or  rather  a  value  of 
t  just  a  little  smaller  than  T,  indicates  that  the  contact  force  cannot  vanish 
before  the  tensile  wave  is  once  again  ref  .cted  at  point  A. 

One  need  now  to  examine  what  happens  at  point  A  when  T  t  <  2T.  The  reflected 
tensile  wave  arrives  at  point  A  when  t  =  V.  Since  there  cannot  be  an  abrupt 
change  of  the  velocity  of  the  mass,  this  incident  tensile  wave  will  be 
reflected  as  from  a  fixed  end.  This  type  of  reflection  causes  a  doubling  of  the 
tensile  force  of  the  incident  wa/e  at  point  A. 

Note  that  thjre  are  then  two  waves  moving  from  point  A  towards  point  Z: 

a.  the  original  tensile  wave  which  was  started  by  the  removal  of  the 
deflecting  force  Pf,  and 

b.  the  wave  which  is  reflected  from  A  at  t  *  T. 

Furthermore  there  is  the  tensile  wave  moving  *rom  point  Z  toward  point  A. 

In  order  to  determine  the  contact  force  at  A  it  is  not  only  necessary  to 
consider  the  action  of  all  three  of  the  above  waves,  but  one  must  also  take  the 
initial  compression  of  magnitude  Pf  in*o  account. 

Now  let  Pj  stand  for  the  tensile  force  of  the  two  waves  moving  away  from  point 
A.  The  wave  which  advances  towards  point  A  is  merely  the  wave  sent  out  from 
point  A  at  t  ■  0,  delayed  a  time  T  due  to  its  travel  across  the  spring  and  back. 
The  tension  produced  due  to  this  latter  wave  at  point  A  is  obtained  by 
substituting  (t  -  T)  for  the  time  in  Eq.(B-50),  which  represents  the  expression 
for  the  tension  produced  at  point  A  in  the  preceding  interval,  (i.e.  0  <_  t  <  T) . 
Let  this  force  be  termed  Pq: 


(B-60) 
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The  total  tensile  force  at  point  A  for  the  interval  T  ^  t  <  2T  will  thus  be 
given  by: 

P(t)  =  Pj(t)  +  PQ(t  -  T)  (B-61) 

The  associated  particle  velocity  is  obtained  as  the  difference  between  the 
particle  velocity  due  to  the  tensile  wave  going  away  from  point  A  and  the  one 
due  to  the  wave  moving  towards  point  A.  Thus  according  to  Eq.(B-8): 

v  =  —  [P, (t)  -  P0(t  -  T)]  (B-62) 

v®T  1  0 

In  order  to  determine  the  contact  force  F  for  the  period  under  consideration, 
one  proceeds  in  a  manner  similar  to  the  one  leading  to  Eq.(B-40).  This  means 
one  must  determine  Pj(t). 

One  starts  by  writing  Newton’s  Equation  of  Motion  for  mass  M  again: 

F  =»  M  ~  (B-63) 

(Refer  to  Figure  B-6  for  a  free  body  diagram.)  The  contact  force  F  consists  of 
the  original  rightward  acting  force  Pr  as  well  as  the  sum  of  the  leftward 
acting  tensile  forces  given  by  Eq.(B-ol).  Equation  (B-63)  becomes: 

F  =  Pf  -  P(t)  *  M  — ■  (B-64) 

Now  substitute  Eq.(B-61)  and  the  derivative  of  the  Eq.(B-62)  into  the  above: 

pf  -  (Pl(tD  *  P0(t  -  T)]  -  -  poCt  -  T)1  CB-65) 

With  the  help  of  Eq.(B-49)  one  obtains: 
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Note  that  ±— ^  Pg(t  -  T)  has  been  added  to  the  right  hand  side  of 

Equation  (B-67)  may  now  be  written  as: 

2at  2at  2at 

3F'e  T  Pl")l  -  3t  te  T  V‘  -  T)i  -  ^  e  T  P0Ct  -  T) 
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Integration  of  the  above  leads  to: 

2 at  2at 

e  T  P,(t)  =  e  T  PQ(t  -  T)  -  ^fe  T  Pn(t  -  T)  dt 


f 


*2at 

,  T 

T ‘O' 


.  2a  p 
T  *f  1  c 


2at 

T 


dt  +  C 


where  C  is  a  constant  of  integration.  Now  divide  by  e 

2at  r  2 at 
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Now  substitute  Eq.(B-60)  for  PQ(t  -  T) : 
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Rewrite  the  above: 


Pj(t)  =  Pf  -  P 
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After  the  indicated  integrations  are  carried  out,  one  obtains: 


-2ot(T  -  4at 

Pj(t)  ■  Pj.  e  [-ijr-  -  l]  +  Ce 
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the  above. 


(B-68) 


(B-69a) 


(B-69b) 


]  dt 
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To  evaluate  the  constant.  C  in  the  above  one  needs  Pj(T).  To  obtain  it  the 
following  reasoning  is  used:  The  wave  which  was  started  at  t  *  0  has  just 
reached  point  A,  and  it  has  been  reflected.  Since  the  magnitude  of  P(0), 
according  to  Eq.(B-50),  is  zero,  both  the  incident  as  well  as  the  reflected 
wave  have  zero  tension  at  t  =  T.  The  only  force  present  is  due  to  the  P(T), 
i.e.  again  according  to  Eq.(B-50): 


2aT 
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Pj(T)  -  P(T)  =  Pf(i  .  c  1  ) 
Substitution  of  the  above  into  Eq.(B-72)  gives: 
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Pf  -  Pf  c~2a  *  Pf  e'2“(T  '  1}  l—  -  1]  ♦  Ce”2ot 
at  t  *  T.  Solving  for  the  constant  one  obtains1 
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Finally: 
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The  contact  force  F  may  now  be  determined  with  the  help  of  the  left  hand  side 
of  Eq. (B-65) ,  i.e. : 


F  -  Pf  -  Pj(t)  -  PQ(t  -  T) 

Substitution  of  Eq's.(B-76)  and  (B-00)  leads  to: 

-2a4  -  1)  _ 

P  -  Pf  e  [e"2a  -  4a(l  -  1)] 


(B- 77) 
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B.  Determination  of  the  Separation  Time  T A 

The  separation  time  T^  is  determined  by  means  of  setting 

F(Ta)  >  0  (B-79) 

into  Eq . (B-78) .  One  obtains: 

T 

0  ■  e~2a  -  4a(;jA  -  1)  ( B- 80) 
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since  the  factor 
Eq. (B-80) : 


-2a 


Pfe 


(T 


A  -  1) 


cannot  be  zero  at  t  =  T^.  Finally  from 


Ta  =  T  ( 1  + 
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According  to  Eq's.(B-46)  and  (B-48)  respectively: 

2ms 

T  =  2T  and  2a  = 

s  M 


so  that  Eq.(B~81)  becomes: 


Ts(2  ♦ 
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C.  Determination  of  Maximum  Velocity  of  Mass 


Substitution  of  Eq's.(B-60)  and  (B-76)  into  Eq.(B-62)  furnishes  an  expression 
for  the  velocity  of  the  mass  M  while  contact  is  maintained  with  the  spring  at 
point  A.  Thus 


v  =  — [e 


2a(l  ^  t  +  2  - 


Now  consider  that  according  to  Eq.(B-8) 
applied  to  a  helical  spring: 


4a  -  e'2“)  -  1]  (8-83) 

,  and  its  modified  form  Eq.(B-25)  when 


«*0-93,^-Vh 

Thus  Eq.(B-83)  becomes: 

-2a(J  -  1)  .  , 

v2«  vH(a  T  (^t  *  2  -  4a  -  e'20)  -  1]  (8-84) 


To  obtain  the  maximum  velocity  of  the  mass  one  evaluates  the  above  at  t  *  T^, 
the  time  of  separation  as  determined  by  Eq.(B-81): 
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Figure  B-7  shows  a  tabulation  of  the  term  in  brackets  in  Eq.  (B-85). 

Since  the  expression  for  the  contact  force  F  of  Eq.  (B-64),  which  forms 
the  basis  of  the  present  section,  is  valid  only  for  2Ts<t<4Ts  there  will 
also  be  a  limitation  on  the  ratio  M/ms.  Ta  must  be  less  than  4Ts,  and 
therefore  substitution  into  Eq.  (B-82)  leads  to: 

2ms 

4T,  M> 

S 


This  in  turn  requires  that: 

2ms 

4  gl  >  e'  M 

This  condition  can  only  be  fulfilled  for  M/mg  £  5.69. 
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Value  of 
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0.51512 


0.7 
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0.89452 


3.7 
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Figure  B-7 

JabMltttion.pf  Factor _ _ ± _ 2£ 

(See  cqu.B-85) 
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APPENDIX  C 

DISTANCE  TRAVELLED  BY  MASS  M  BETWEEN  TIME  OF  SPRING  RELEASE  AND  TIME  OF 
SEPARATION  OF  MASS  FROM  SPRING 


The  results  of  Appendix  B  are  now  used  to  determine  the  distance  through  which 
mass  M  must  travel  until  it  reaches  its  maximum  velocity.  This  is  accomplished 
by  integrating  the  velocity  of  the  mass  with  respect  to  time  between  t  =  0, 
when  the  spring  is  released,  and  t  ■  T^,  when  the  maximum  velocity  of  the  mass 
is  attained. 


Equation  (B-39)  of  Appendix  B  shows  that  the  velocity  of  the  mass  during  the 
time  interval  0  <  t  <  2Tg  *  T  is  given  by: 


v 


1 


Using  the  change  of  notation  indicated  on  page  B-14,  and  letting 


(C-l) 


according  to  Eq's.(B-8)  and  (B-25),  one  may  express  Eq.(C-l) 
form: 

-  l2t 

V1  =  VH»  '  e  T  > 

where 

a  ■  ms  the  ratio  of  spring  mass  and  driven  mass 
M 

T  ■  2Tg,  twice  the  surge  time  Tg  . 


vC-2) 

in  the  following 
(C-3) 


The  velocity  of  the  mass  for  the  time  interval  T  t  <2T  *  4Tg  is  given  by 
Eq.(B-84)  of  Appendix  B: 


•  vn<° 


*2a(f 


1) 


(4ft 


+  2  -  4a  - 


e'2a)  - 


1] 


(C-4) 


1,  Distance  TravetcJ  by  Mass  M  During  Interval  from  t  »  0  to  t  »  T 


Integration  of  Eq.(C-3)  furnishes  the  distance  Fj,  which  is  traveled  by  the 
mass  between  t  «  0  and  t  ■  T.  Thus: 


F 


1 


)  dt 


Performing  the  integration  between  the  indicated  limits  leads  to: 


(C-5) 


C-l 


(C-6) 


F 


1 


V[1  *  jiCe 


-2a 


-  D3 


2.  Distance  Travelled  by  Mass  M  During  Interval  from  t  »  T  to  t  ■  Tt 

Integration  of  Eq.(C-4)  between  the  limits  of  t  *  T  and  t  ■  furnishes  the 
distance  F2  travelled  during  this  time  interval.  After  rearrangement  one 
obtains : 


>i  i  n  2a 

F2.V2“1  ,4a..- 


j. 


2a 


-2«s 


Rke  1  ♦  (2  -  4a  -  e  ‘“)e 


.2a 


]  dt 


(C-7) 


where,  according  to  Eq.(B-82): 

ta  ■  T<1  *  33*‘2“) 

Term  by  term  integration  furnishes  the  following  results: 
F2(a)  '  V2”  te  dt  * 


e 

7  (4a+e'2at+2)] 


(C-8) 


and 


_  2a^ 

F2(b)  "  vH®2a(2  -  4a  -  e'2a)  I  e  T  dt 


e’2a 

vijT  j  -  y 

•  ^~(4a  ♦  e"^a  -  2)(e  4  -  1) 


Furthermore : 

F 


2(c) 


T 

-  J  Adt 

J  T 


VHT  -2a 


Addition  of  Bq'a.(C-8),  (C-9)  and  (C-10)  leads  to: 

e’2a 

P2  "  'T'(2  ‘  2e  7  " 


(C-9) 


(C-10) 


(C-ll) 
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3.  Total  Distance  Travelled  by  Mass  M  During  Interval  from  t  =  0  to  t  -  T» 


The  total  distance  Ft  travelled  by  mass  M  during  the  interval  from  t  =  0  to 
t  =  T^  is  now  obtained  by  addition  of  Eq's.(C-6)  and  (C-ll): 

e-2« 


F,  ■  Fl  *  F2  ■  V'1  *  dK3  -  5e'2<"  -  4e  2  )1 


(C- 12) 


It  4..',  convenient  to  express  the  product  VjjT  in  terms  of  the  spring  deflection 
f.  Equation  (A-43)  gives: 

fa  f_  2f 
VH  L  “  Tg  ~  T 

Therefore  Eq.(C-12)  may  be  written  in  the  following  form: 


Ft  =  fCf 


(C-13) 


where 


Cf  =  2  +  i(3  -  J  -  4e  ) 
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APPENDIX  D 


EXPERIMENTAL  INVESTIGATE ON 

1.  Aims  of  Experiment 

The  present  appendix  describes  the  experimental  phase  of  the  investigation. 
This  experimentation  had  the  following  aims: 

a.  Verification  of  the  "Erwood  Curves"  (see  Figure  D-l)  which  give  the 
reliability  of  the  M42G  primer  in  terms  of  percentage  of  primers 
fired  versus  firing  pin  velocity  (at  ambient  temperature).  These 
curves  are  plotted  for  firing  pin  velocities  between  50  and  300 
in/sec  with  firing  pin  kinetic  energy  levels  of  16,  14,  12,  10,  9,  6 
and  5  inch-ounces  respectively. 

b.  Extension  of  the  above  mentioned  M42G  primer  firing  curves  to  the 
highest  possible  velocities  attainable  by  firing  pins  of  comparable 
energy  levels  which  arc  driven  by  helical  compression  springs.  This 
was  to  be  obtained  at  both  ambient  temperature  as  well  as  -40 
degrees  F.  The  energy  levels  were  to  be  16,  14,  12,  10,  8,  6  and  5 
inch-ounces.  In  addition  the  "Erwood"  range  was  also  to  be  tested  at 
-40  degrees  F. 

c.  Since  the  test  setup  was  to  use  helical  compression  springs,  the 
experiment  could  also  serve  as  a  verification  of  the  theoretical 
results  concerning  the  velocities  of  the  spring  driven  masses.  (See 
Appendix  B.) 

The  following  sections  discuss  the  test  program,  the  test  setup,  as  well  as 
the  test  results. 

2.  Test  Program 

Figure  D-2  represents  the  test  program.  It  gives  the  various  levels  of  kinetic 
energy  of  the  firing  pins  as  well  as  their  masses  and  velocities  at  which  the 
primers  were  to  be  tested  at  both  ambient  temperature  as  well  as  -40  degrees  F. 
(The  firing  pin  identification  numbers  are  indicated  in  the  upper  left  hand 
corner  of  each  box.)  The  velocities  range  from  50  to  1200  in/sec.  The  top 
velocity  of  1200  in/sec  was  chosen  because  computation,  using  the  theory  of 
Appendix  B,  had  indicated  that  this  speed  was  close  to  the  ultimate  one 
attainable  for  such  a  system.  (See  computations  in  Part  b  below.) 

The  determination  of  the  firing  pin  masses  will  now  be  shown  on  hand  of  an 
example:  Let  it  be  required  to  find  the  mass  of  a  firing  pin  for  an  energy 
level  of  10  inch-ounces  and  a  velocity  of  200  in/sec.  Consider  that 
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3.  Test  Setup 

Figure  D-3  shows  an  exploded  view  of  the  test  apparatus.  The  M42G  primers  are 
mounted  in  a  .38  caliber  cartridge,  and  this  cartridge  is  inserted  into  the 
cartridge  holder.  This  holder  may  be  fastened  into  the  front  of  the  tube. 

Before  its  release,  the  firing  pin  is  held  against  the  pull  pin  by  the 
compression  of  the  spring.  This  compression  is  made  adjustable  by  the  leadscrew 
slider.  A  scale  (not  shown)  which  is  mounted  on  one  of  the  runway  cover  plates 
makes  it  possible  together  with  the  micrometric  dial  to  repeat  the  spring 
setting  accurately. 


When  the  firing  pin  is  released,  the  spring  is  allowed  to  expand  freely  until 
it  flies  off  the  supporting  lever.  To  prevent  the  spring  from  following  the 
separated  firing  pin  it  is  stopped  by  the  end  of  the  slot  in  which  the  pad 
rides,  (The  spring  leaves  its  support  some  time  after  the  firing  pin  separates 
from  the  spring.  See  Appendix  B.)  It  is  still  to  be  noted  that  the  spring  pad 
is  fixed  to  the  spring. 

Since  it  was  necessary  to  divide  the  firing  pins  into  five  groups  of  different 
diameters,  all  parts  which  depend  on  the  firing  pin  diameter  such  as  tubes, 
levers,  etc.  had  to  be  made  in  sets  of  five.  In  addition,  in  order  to  make  the 
testing  as  fast  as  possible  thirty  cartridge  holders  were  made. 

The  velocity  of  the  firing  pin  is  measured  with  the  help  of  a  Fotonic  Sensor 
Model  KD-45  Serial  65  (Mechanical  Technology  Inc.,  Latham,  N.Y.).  The  sensing 
probe(s)  of  this -unit  consist  of  0.082  inch  bundles  of  approximately  800 
optical  fibers,  One  half  of  these  fibers  transmit  a  light  source,  while  the 
other  half  may  again  receive  the  light  source  once  it  has  been  suitably 
reflected.  The  output  voltage  of  this  unit  is  proportional  to  the  quantity  of 
the  light  reflected,  and  is  used  to  trigger  an  electronic  counter  (Beckman 
Universal  liput  and  Timer,  Model  No.  7360). 

Depending  on  the  size  of  the  firing  pin,  a  single  probe  or  a  two  probe  technique 
of  measuring  the  velocity  of  the  firing  pin  is  used.  Both  methods  of  measuring 
are  described  in  Section  b  below. 


a.  Design  of  Firing  Fins 


In  order  to  obtain  the  firing  pin  masses  described  by  the  test  program  it  was 
necessary  to  divide  them  into  five  groups  of  different  diameters: 


Group  I: 
Group  II: 
Group  III: 
Group  IV: 
Group  V: 


0.500  inch  diameter 
0.312  inch  diameter 
0.187  inch  diameter 
0.125  inch  diameter 
0.093  inch  diameter 


Further  subdivision  according  to  shape  became  necessary  in  order  to  accomodate 
the  velocity  measurements.  Figures  D-4,  D-5a,  D-5b,  D-5c,  D-5d,  D-6a,  D- 6b , 

D-6c,  D-7a,  D-7b,  D-7c,  D-8a,  D-8b  and  D-8c  show  all  the  firing  pins  used  in 
the  experiment.  The  masses  are  given  in  lbsec’/in  and  in  grams  and  all 
relevant  dimensions  are  given  in  inches.  In  all  cases  the  pins  were  made  of 
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firing  test,  assembly 
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steel.  Their  tips  consisted  of  the  usual  hemispheres  of  .030  inch  radius. 
All  firing  pin  masses  were  held  within  *  0.5  percent  of  their  theoretical 
weights . 
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19 

43.75 
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37.50 
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Figure  0-5 


Group  I 1-4  Firing  Pins 
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30 

12.000xl0"6 

2.101 

0.902 
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13.8889 
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1.495 

36 

11.1112 
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40 

14.285 

2.501 

1.015 
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41 

12.2448 
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0.914 

1.414 
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12.500 

2.189 

0.926 

1.426 
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10.9375 

1.915 

0.849 

1 .349 

Figure 


Group  I1I-1  Finns  Pins 
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8.3334 
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1 .260 

1.167 
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1.787 

0.864 

1  .364 
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8.1632 
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48 
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0.731 
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8.0000 
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Figure  D-6b 


Group  1 1 1-2  Firing  Pins 
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Figure  D-6c 

Group  1 1 1-3  Firing  Pins 
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Figure  D-7b 

Group  IV-2  Firing  Pins 
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0 . 54 1 
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Group  IV-3  Firing  Pins 
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0.445 
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Group  V-3  Firing  Pin 
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Figure  D-9  lists  the  springs  which  were  used  with  the  various  groups  of 
firing  pins. 


Group 

llggpi 

II 

III 

IV 

V 

Lee  Cat. 
Number 

LC- 

063G-12 

LC- 

045D-18 

LC- 

024B-1S 

Special 

Special 

Wire  Dia. 
(in) 

0.063 

0.045 

0.024 

0.022 

0.018 

Outside 

Diameter 

(in) 

0.470 

0.300 

■ 

0.180 

0.117 

0.088 

|H| 

2.500 

2.250 

2.000 

1.500 

1.625 

Active 

Turns 

16 

approx . 

22 

approx . 

30 

approx . 

31 

approx . 

48 

approx . 

Load  at 
Solid  Ht. 
(lbs) 

29 

19.75 

5.4 

8.5 

6.5 

Mass  of 

Spring 

(grams) 

8.988 

3.888 

0.903 

0.476 

The  following  computation  serves  to  illustrate  the  manner  in  which  the  springs 
were  selected.  In  addition  it  shows  that  a  velocity  of  1200  in/sec  represents 
the  upper  limit  of  the  possible  velocities  for  the  types  of  mass  spring  systems 
involved . 


Given:  A  spring  for  Group  V  firing  pins: 


Outside  diameter 
Wire  diameter  (d) 

Mean  coil  diameter  (D) 
Number  of  active  coils 
Free  length 
Spring  mass  (ms) 

Spring  material 


= 

0.088 

in. 

= 

0.018 

in . 

S 

0.070 

in. 

= 

48 

B 

1.625 

in. 

= 

0.355 

grams 

S 

music 

wire 

Firing  pin  corresponding  to  identification  number  102,  i.e. 

M  =  1.3888  x  10'6  (lb-sec2/in) 

=  0.243  (grams) 


Required  firing  pin  velocity  for  identification  number  102: 

v  =  1200  (in/sec) 


Find:  Is  it  possible  for  the  present  system  to  impart  a  velocity  of 

1200  in/sec  to  the  firing  pin? 


To  obtain  the  answer  to  the  above  question  it  is  first  necessary  to  determine 
the  uncorrected  shear  stress  which  the  spring  must  experience  in  order  to 
produce  the  prescribed  firing  pin  velocity.  After  that  it  must  be  determined 
whether  the  necessary  spring  deflection  can  be  obtained  with  the  existing 
solid  height  of  the  spring. 


Finally  the  curvature  correction  factor  must  be  determined  for  the  spring  and 
with  it  one  may  obtain  the  corrected  shear  stress.  If  the  resulting  shear 
stress  is  much  beyond  200,000  psi  it  is  likely  that  the  spring  will  take  a  set 
and  cannot  properly  perform. 

Equation  (B-85)  together  with  Eq.(A-49)  gives  the  maximum  velocity  attained  by 
a  spring  driven  mass: 

2ms 

T  .  e  M  (D-3) 

vmax  -  nrt-1  * 2e  2  > 

This  holds  because  the  spring  is  made  of  steel.  For  a  mass  ratio  M/mc  * 
0.243/0,355  *  0.685  the  factor  in  parenthesis  becomes  according  to  Figure  B-7 
approximately  0.943.  Substituting  this  factor  as  well  as  the  desired  velocity 
of  1200  in/sec  in  the  above  one  may  solve  for  the  required  uncorrected  shear 

stress: 


Tf 


1200  x  131 
0.943  * 


166,700  psi 


CD-4) 


The  required  deflection  of  the  spring  is  determined  with  the  help  of  Equations 
(A-46)  and  (A- la) : 


0-22 


CD-5) 


f  * 


•r^nD^N 

Gd" 


With  G  =  11.5  x  10'6  and  the  above  one  obtains: 


f  =  0.595 


(0-6) 


Since  the  free  length  equals  1.025  inches  and  the  solid  height  equals 
(48  +  2)  x  0.018  =  0.900,  the  spring  can  be  deflected  a  total  of  0.725  inches. 
Therefore  f  =  0.595  is  well  within  the  range  and  the  free  length  need  not  be 
changed . 


So  far  it  would  seem  that  the  spring  is  perfectly  satisfactory.  Now  consider 
that  the  spring  index 


c 


D  _  0.070 


3.888 


d  0.018 

and  that  therefore  the  curvature  correction  factor 


-  4c  -  1  0.615 

4c  -  4  c 


1.417 


CD-7) 


(0-8) 


The  corrected  shear  stress  now  becomes: 


t  =  t,K  =  236,200  psi 
cor  f  r 

The  above  becomes  marginal  when  one  considers  that  the  shear  stress  for  music 
wire  should  not  exceed  200,000  psi  by  too  much. 

This  high  stress  means  that  the  spring  will  take  a  certain  set  when  assembled 
the  first  time  and  strain  hardening  will  take  place.  While  this  raises  the 
elastic  limit  somewhat  and  allows  the  newly  formed  spring  to  do  its  job  if  the 
free  length  remains  sufficient,  it  is  not  at  all  desirable  when  the  spring  is 
to  be  repeatedly  used. 

There  was  a  certain  amount  of  trouble  with  this  sprint  during  the  performance 
of  the  experiment.  It  was  overcome  by  such  brute  force  means  as  stretching  the 
spring  repeatedly. 

Since  all  efforts  at  designing  a  better  spring  failed,  it  can  be  safely  stated 
that  1200  in/sec  does  not  represent  a  practically  attainable  firing  pin.  speed. 
(This  design  difficulty  had  its  reason  in  the  fact  that  a  single  spring  type 
had  to  accomodate  many  firing  pins.) 


c.  Determination  of  firing  Pin  Velocity 

The  following  describes  the  manner  in  which  the  velocity  of  the  firing  pin  is 
measured.  Single  as  well  as  two  probe  methods  are  involved. 


1  .  Single  Probe  Method 

figure  D-10  shows  the  essentials  of  the  single  probe  method  of  measuring  the 
firing  pin  velocity.  The  firing  pin  consists  of  two  reflective  surfaces 
(polished  steel)  and  one  nonref lective  surface  between  them.  This  surface  was 
painted  with  optical  black.  As  the  reflective  surface  no.l  passes  the  probe 


U-  25 


PRO  PE 


T* 


PATH  OF  FIRING  PIN 


REFLECTIVE 
SURFACE  2 


SINGLE  pROBE 
OPTICAL  DISTANCE 


■REFLECTIVE  SURFACE  1 
•NONREFLFCTIVE  SURFACE 


Figure  D-10 

Single  Probe  Method  of  Measuring  Velocity 

the  output  voltage  of  the  instrument  rises  a  predetermined  amount  and  triggers 
the  counter.  As  the  nonreflective  surface  passes  the  probe  the  voltage 
decreases,  while  the  counter  continues  to  count.  As  reflective  surface  no. 2 
passes  the  probe,  the  voltage  rises  again,  and  is  used  to  shut  off  the  counter. 


The  so  called  "optical  distance"  between  the  two  points  which  cause  sufficient 
voltage  to  switch  the  counter  is  determined  with  the  help  of  a  specially 
modified  micrometer.  It  has  been  found  that  the  optical  distance  is  usually 
within  less  than  one  percent  of  the  actual  distance  between  the  steps. 


The  velocity  of  the  firing  pin  is  determined  by  the  time  t  which  passes  as  the 
firing  pin  travels  through  this  single  probe  optical  distance  LQp : 


V 


_2R 

t 


(D-9) 


11. Two  Probe  Method 


The  two  probe  method  of  measuring  the  firing  pin  velocity  is  applicable  to  the 
shorter  firing  pins,  where  a  reasonably  long  optical  distance  of  the  type 
illustrated  in  Figure  l>- 10 cannot  be  realized  on  the  pin  itself.  (Conversely, 
to  use  the  two  probe  method  on  the  longer  firing  pins  would  require  too  long 
an  optical  distance.)  Figure  D-ll  gives  a  schematic  of  the  two  probe  method. 

The  firing  pin  is  reflective  throughout  its  length.  As  it  passes  probe  no.l 
the  output  voltage  rises  and  starts  the  counter.  Once  the  pin  has  passed  probe 
no.l  the  voltage  drops  but  the  counter  continues.  When  the  pin  passes  probe 
no. 2  the  rising  voltage  shuts  off  the  counter.  Again  the  optical  distance  must 
be  established  by  a  mechanical  measurement  of  the  distance  of  motion  required 
to  operate  the  counter.  This  distance  conforms  closely  to  the  center  distance 
between  the  probes.  Equation  (D-9)  is  also  applicable. 


L>- 2  4 


1-igure  0-11 

Two  Probe  Method  of  Measuring  Velocity 


In  both  methods  the  optical  distance  is  ot  the  order  of  0.750  inches,  and  the 
velocity  of  the  firing  pin  is  measured  approximately  1.0  inch  from  the  point 
of  impact.  This  general  method  of  measuring  the  velocity  of  the  firing  pin  has 
been  checked  independently  with  a  peripherally  slotted  disc  rotating  at  various 
known  speeds.  Excellent  correlation  was  attained  (tl  percent). 

d.  Test  Procedure 


The  tests  were  rur  both  at  an  ambient  temperaru.  of  approximately  70  to  75 
degrees  F  and  at  -40  degrees  F.  In  order  to  make  sure  that  handling  would  not 
warm  up  the  primers,  the  cartridges  were  mounted  in  the  cartridge  holders  and 
tooled  together  to  -45  degrees  F.  The  number  of  firings  per  energy  level, 
velocity  and  temperature  were  planned  to  be  50.  In  a  few  cases  there  were  only 
.'5  firings  per  identification  number,  while  when  there  was  any  doubt  concerning 
result  considerably  more  tilings  were  made,  figures  l»-12a  and  b-12b  show  the 
number  of  test  firings  for  ambient  temperature  and  -40  degrees  respectively. 

!  sure  0-13  gives  a  typical  data  sheet  from  an  actual  run.  This  test  covers 
.0.  No. 60.  It  represents  an  energy  level  of  16  inch-ounces  at  a  velocity  of 
iuO  in/sec  at  -40  degrees  F.  The  required  mass  of  the  firing,  pin  is 

55S  x  lu*6  lb-sec*-/ in,  while  the  actual  mass  i?  5.5o7  x  10’"  lb-sec  Vin. 

’he  average  of  the  optical  distance  is  obtained  from  four  readings  as  0.75925 
inches.  (The  firing  pin  is  rotated  and  readings  ire  taken  90  degrees  apart.) 

Ti*e  required  time  for  the  velocity  of  600  in/sec  . s  computed  to  be  0.001265 
seconds. 


'he  30  data  sets  record  the  time  indicated  by  the  electronic  counter,  the  spring 
compression  and  whether  the  primer  fired. 


Ident . 

No. 

Number  of 

Firi.igs 

Ident . 

No. 

Number  of 

Firings 

Ident . 

No. 

Number  of 

Firings 

1 

3C 

60 

73 

2 

30 

-- 

74 

3 

30 

30 

75 

4 

30 

40 

30 

76 

30 

S 

57 

41 

30 

77 

30 

6 

120 

42 

30 

78 

30 

7 

118 

43 

120 

79 

30 

8 

240 

44 

30 

80 

30 

9 

85 

45 

-- 

81 

30 

10 

90 

46 

30 

82 

30 

11 

90 

47 

30 

83 

30 

12 

120 

48 

30 

84 

60 

13 

119 

49 

30 

85 

30 

14 

210 

50 

120 

86 

30 

15 

360 

51 

30 

87 

30 

16 

330 

52 

-- 

88 

30 

17 

480 

53 

30 

89 

30 

18 

30 

54 

3' 

90 

60 

19 

30 

55 

30 

91 

30 

20 

60 

56 

30 

92 

30 

21 

30 

57 

30 

93 

30 

22 

240 

58 

30 

94 

30 

23 

120 

59 

-- 

95 

30 

24 

90 

60 

30 

96 

30 

25 

30 

61 

30 

97 

30 

26 

30 

62 

30 

98 

30 

27 

30 

63 

30 

99 

30 

28 

30 

64 

30 

100 

30 

29 

120 

65 

30 

101 

-- 

30 

60 

66 

-- 

102 

30 

31 

30 

67 

30 

103 

30 

32 

30 

68 

30 

104 

30 

33 

30 

69 

30 

105 

30 

34 

30 

70 

30 

106 

30 

35 

30 

71 

30 

107 

30 

36 

30 

72 

30 

108 

-- 

Figure  D-_12a 

Number  of  Test  Firings  at  Ambient  Temperature 


D-26 


Throughout  the  tests  it  was  made  a  rule  to  count  only  those  firings  where  the 
actual  time  did  not  deviate  more  than  ±2.5  percent  from  the  computed  time.  (The 
stars  on  the  data  sheet  indicate  that  the  tube  was  cleaned  preceding  the 
particular  firing.) 

The  5  in-oz  tests  were  discontinued  as  it  became  apparent  that  it  was  impossible 
to  attain  reproducible  results. 

4.  Test  Results 


a.  Results  of  1'iring  Tests 

Figure  D-14  is  a  tabulation  of  the  results  of  all  the  firing  tests  at  both 
ambient  temperature  and  at  -40  degrees  F.  It  shows  the  percentage  of  primers 
fired  at  the  various  energy  levels  and  firing  pin  velocities.  As  was  stated 
earlier,  the  5  in-oz  tests  were  discontinued  since  it  was  not  possible  to 
obtain  reproducible  results. 

Figures  D-15a  and  D-15b  presents  the  identical  data  in  a  graphical  form  similar 
to  the  "Erwood  Curves".  Figure  L)-15a  gives  the  results  for  ambient  temperature 
while  Figure  D-15b  deals  with  -40  degrees  F. 

b.  Verification  of  the  Theory  Concerning  Velocities  of  Spring  Driven  Masses 

The  spring  compression  associated  with  each  test  velocity  was  recorded  for  all 
data  points.  (See  sample  data  sheet  in  Figure  D-13.)  This  makes  it  possible  to 
compare  the  measured  nominal  velocities  (vjg)  with  the  theoretical  velocities 
(Vj)  which  correspond  to  the  actual  spring  compressions. 

This  procedure,  which  allows  the  determination  of  a  design  correction  factor, 
will  now  be  outlined  by  way  of  an  example. 

Figure  D-13  gives  the  following  test  results  for  I.D.  60-B  (-40°F): 


Firing  pin  velocity: 
Firing  pin  mass: 

Spring  compression  (f): 


600  in/sec 
0.975  grams 
0.445  inches 


This  spring  belongs  to  Group  IV  (see  Figure  D-9),  and  has  the  following 
dimensions : 


Outside  diameter: 

Wire  diameter  (d) : 

Mean  coil  diameter  (D) : 
Number  of  active  turns  (N): 
Mass  of  spring  (mg) : 


0.120  inches 
0.022  inches 
0.095  inches 
31 

0,476  grams 


The  velocity  vT  which  corresponds  theoretically 
f  is  now  computed  with  the  help  of  Eq.(D-3)  : 

-2ms 


max 


f 

I3l<_1 


+  2e 


M 


to  the  above  spring  compression 


(D-10) 


The  shear  stress  associated  with  the  deflection  f  is  given  by  rearrangement  of 
Ilq .  (D-5)  : 


D-  28 


rtLuCii:  i  i6  In-Oz  ;  i4  ln-Uz  ;  12  In-Cz  i  10  In-Oz  l  S  In-Oz  i  6  In-Oz  i  5  In-Oz 


firing  pin  velocities,  and  temperatures. 


A. 


2G  Primer 


.  s«  -  -L»»^  x.X00J,eqJ.022Jt0.445).  ,  128  500 
t  7rD‘N  ( ''  iAi£L\ff\  nnct2nn 


With 


(3. 1416) (0.095)2(31) 


=  2.05 


(D -11) 


the  factor  in  parenthesis  of  Eq.(D-lO)  becomes  according  to  Figure  B-7 
approximately  0.656. 

Substitution  of  the  above  into  Eq.(D-lO)  leads  to: 

VT  ~  ~~f 3X~~  x  0.656  =  643.6  in/sec. 


This  is  larger  than  the  actual  velocity  of  600  in/sec.  The  percentage  increase 
with  respect  to  the  nominal  velocity  is  given  by: 


percentage  increase  =  — — ^ — —  x  100  =  x  100 

VN  J~’ 

=  7.26  percent 

This  means  that  in  order  to  actually  attain  a  certain  nominal  velocity  (v^) , 
the  spring  deflection  must  be  computed  for  a  theoretical  velocity  (v-p)  which 
is  higher  than  the  nominal  one  by  a  certain  percentage.  Thus: 


vT  =  vN(l  +  CD)  CD-12) 

where  the  design  correction  factor  is  given  by: 


Figure  0-16  gives  a  tabulation  of  the  correction  factors  Cp  for  all  test  runs. 
Except  for  I.D.  numbers  4  and  5,  and  whenever  the  spring  took  a  set,  i.e.  the 
spring  characteristics  changed,  the  value  of  the  correction  factor  does  not 
exceed  0.25.  In  the  case  of  I.D.'s  4  and  5  it  was  found  that  high  friction 
between  the  firing  pin  and  the  tube  was  responsible  for  the  need  of  increased 
spring  compression  to  attain  nominal  velocity.  (The  use  of  a  Teflon  spray 
proved  very  helpful  in  reducing  friction.)  It  needs  to  be  pointed  out  that  in 
the  experimental  setup  the  firing  pin  traveled  as  far  as  4  inches  after 
separation  from  the  spring  in  order  to  facilitate  the  velocity  measurement. 

In  an  actual  situation  the  firing  pin  travel  would  be  much  shorter  and  thus  the 
possibility  for  speed  reducing  friction  work  would  be  very  much  smaller. 

The  spring  set  can  definitely  be  avoided  by  limiting  the  corrected  shear  stress 
in  the  spring  to  approximately  200,000  psi. 

Lastly,  the  presence  of  the  spring  pad  (see  Figure  b-5j  contributed  to  the 
slowing  down  of  the  firing  pin. 

For  design  purposes  one  may  safely  assume  the  general  correction  factor 


CD  =  0.25 


(D-14) 
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Appendix  E,  which  deals  with  the  space  optimization  of  spring  driven  primer 
striker  systems  makes  use  of  the  above  general  correction  factor. 
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APPENDIX  E 
SPACE  OPTIMIZATION 


The  following  appendix  gives  the  derivation  of  the  various  design  equations  and 
outlines  the  combination  of  experimental  and  theoretical  results  which  leads  to 
the  final  optimization  methods. 

The  resulting  optimum  design  tables,  which  are  listed  in  Appendix  F;,  allow  the 
design  of  100  percent  successful  spring  striker  systems  for  the  M42G  primer 
with  minimum  space  needs. 

1,  Free  Length  of  Optimum  Spring 

The  free  length  of  the  optimum  spring  is  obtained  with  the  assumption  that  this 
spring  is  deflected  to  its  solid  height  and  that  the  spring  reaches  at  solid 
height  its  maximum  allowable  corrected  shear  stress. 

The  deflection  (f)  may  then  be  defined  by: 

f  =  Lq  -  solid  height  (E-l) 

where  Lq  is  the  free  length  of  the  spring. 

When  one  defines  solid  height  as  the  product  of  the  wire  diameter  (d)  and  the 
sum  of  the  active  turns  (N)  and  two  extra  turns: 


solid  height  =  d(N  +  2),  ( I: - 2) 

then  Eq.(E*l)  becomes: 

f  =  L0  -  d(N  +  2)  (F-3) 

Prom  the  above  the  free  length  of  the  spring  is  given  by: 

Lq  *  f  +  d(N  +2)  (0-4) 

As  was  stated  above,  the  spring  is  to  be  designed  in  such  a  manner  that  it 
reaches  its  maximum  allowable  corrected  shear  stress  at  solid  height.  In 
addition  its  mass  must  be  sufficient  to  produce  the  desired  velocity  of  its 
associated  firing  pin  of  mass  M. 

When  the  deflection  f  is  such  that  it  produces  the  maximum  allowable  corrected 
shear  stress  at  solid  height,  then 

t  =  Kt_  (F-5) 

c  f 

where 

r ^  =  uncorrected  stress  associated  with  deflection  f 

K  a  +  ()  -  ~  - ,  the  curvature  correction  factor  [42  | 

c  =  j,  the  spring  index  relating  mean  oil  diameter  to  wire  diameter. 

Equation  (E-5)  is  now  to  be  expressed  in  terms  of  the  deflection  f. 

According  to  Eq.(A-45): 


E-l 


8PfD 
ud 3 


and  according  to  Eq.(A  la): 


Pf  =  Xf 


Gd4f 

8D3N 


Thus  Eq.(E-5)  becomes: 


T 

C 


=  f 


KGd 

ND2tt 


And  finally: 

T  NirD2 

£  S  — _ 

KGd 


(E-6) 


The  mass  of  the  spring,  in  the  sense  of  Appendix  B,  is  due  to  the  active  coils 
only: 

ms  -  N(hD)(^)1  (E-7) 

and  the  number  of  active  turns  may  then  be  expressed  by: 

4msB 

N  =  ;w  (E-8) 


Substitution  of  Eq's.(E-6)  and  (E-8)  into  Eq.(E-4)  gives  for  the  free  length  of 
the  spring: 


4m  g  t  ttD 
s6.  c 

7T*y 


+  £j)  +  2d 
KGd3  Dd 


(E-9) 


When  the  above  is  expressed  in  terms  of  the  spring  index  c,  it  becomes: 


4mc gc2  x  ttc 
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2.  Optimum  Spring  Mass  mc 

The  optimum  spring  mass  is  now  obtained  with  the  help  of  the  maximum  velocity 
equations  (D-10)  or  (B-85) : 


E-2 


£ 
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) 


(E-ll) 


v  - - ( - 1  +  2c 

T  131 v 


M 


Of  course  the  theoretical  velocity  Vj  must  be  attained  without  exceeding  the 
corrected  shear  stress  ic  at  solid  height.  In  addition,  the  theoretical 
velocity(v  )  must  be  expressed  in  terms  of  the  corrected  nominal  velocity  (v^) 
according  to  Eq.(D-12).  The  latter  is  necessary  since  the  design  procedure  is 
based  on  the  experimentally  attained  100  percent  firing  points  as  well  as  on 
the  experience  with  the  springs. 


Thus  Eq.(E-ll)  is  written  in  the  form: 


2  m . 


V1 
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The  required  spring  mass  ms  is  now  obtained  from  the  above: 
ms  =  -  j  In  [-2  In  B] 

where 

131  Kv  (1  +  C  ) 

B  - - ‘2 - —  +0.5 

2i 


(E -13) 


(11-14) 


liquation  (E-13)  is  valid  only  for  certain  ranges  of  the  factor  B:  First,  as 
shown  in  Appendix  B  t he  ratio  M/mg  <  5.69,  and  in  addition,  to  obtain  a 
positive  value  for  ms  it  is  necessary  that  0.606  <  B  <  1.000. 

Therefore  for  the  usual  value  of  the  corrected  maximum  shear  stress  tc  = 
200,000  psi,  and  the  general  value  Cp  =  0.25  (see  liq. (0-14)) ,  the  nominal 
velocity  which  may  be  used  in  the  above  computations  is  restricted  to  the 
following  limits: 

j v,, ,  .  ]k  -  260  in/sec 
and 

[>(nu.x}  '  1220  in/scc 


3.  Overall  Space  Requirement  of  Optimum  Sy stem 

The  overall  height  I,t  of  the  mass-spring  system  is  now  determined  as  the 
combined  length  of  the  firing  pin  Lp,  the  solid  height  of  the  spring,  and  the 
total  distance  traveled  by  the  mass  M  until  it:  reaches  the  maximum  attainable 
velocity  which  corresponds  to  the  deflection  c.  The  latter  dimension  was  given 
as  Ft  =  fCf  in  Eq.(C-13)  of  Appendix  C. 


E-3 


With  this  concept  one  finds: 


Lt  =  fCf  +  d(N  +  2)  +  Lp 

Substitution  of  Eq's.(E-6)  and  (E-8)  leads  after  rearrangement  to: 
4mggc2 


Lt* 


T  TTC  .  n 

*  LP 


C  E- 1 S ) 


(E - 16) 


4.  Design  Equations  and  Optimization  Procedure 

The  combination  of  experimental  and  theoretical  results  of  the  present 
investigation,  which  was  used  to  devise  an  optimization  procedure,  will  now 
be  explained  in  detail. 

a.  Use  of  Experimental  Data 

The  design  procedure  aims  to  recreate  those  conditions  which  led  to  100  percent 
firing  of  the  M42G  primers  during  testing. 

To  this  end  the  following  successful  test  points  (see  also  Figures  D-2  and  D-14 
in  Appendix  0)  were  initially  considered: 
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79, 

86, 

93, 

100 
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b.  Space  Restrictions  and  Firing  Pin  Dimensions 

In  order  to  stay  within  reasonable  dimensions  for  the  resulting  spring  driven 
primer  striker  systems,  it  was  decided  that  the  diameter  of  the  firing  pin 
(and  with  that  the  diameter  of  the  spring)  should  not  exceed  0.375  inches,  and 
that  the  overall  height  of  the  system,  as  described  by  Eq.(E-16)  should  not 
exceed  2.000  inches. 

Figure  E-l  gives  various  possible  firing  pin  lengths  which  correspond  to 
feasible  firing  pin  diameters  for  the  firing  pin  masses  associated  with  the 
I.D.'s  considered.  (See  last  section.)  The  material  is  assumed  to  be  steel 
(y  »  0.283  lbs/in3). 

The  following  diameters  are  examined  for  each  I.D.  number:  0.375,  0.312,  0.250, 
0.218,  0.200,  0.187,  0.170,  0.156,  0.140,  0.125,  0.110,  0.100,  and  0.093  inches. 

Lengths  below  0.125  inches  were  generally  excluded. 

NOTE:  The  firing  pin  is  assumod  to  be  a  solid  cylinder  without  consideration 

of  the  0  03  inch  length  of  the  tip,  or  any  reduced  diameter  for 
locating  it  within  the  inside  diameter  of  the  spring. 
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Firing  Pin  Lengths  of  Initially  Considered  Test  Masses  Corresponding  to  Diameters 
from  0.375  to  0.093  Inches. 
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c.  Design  Equations 

The  design  equations  used  in  the  following  optimization  proceedure  are  now 
recapitulated: 

The  free  length  of  the  spring  is  given  by  Eq.(E-lO): 


4ms*c  Tr1TC  1  .. 

Lo  *  ^r(ir +  c5  +  2c 


(E-17) 


where  according  to  Eq.(E-13): 

ms  -  -  |  ln(-2  In  B) 


131  Kv  (1  +  C  ) 

B - 0.5 

c 


(E- 18) 


(E-19) 


further 


D 

C  =  d 


(E-20) 


„  4c  -  1  0.615 

Is.  -  —  ■  — —  +  '  '  ■  1 

4c  -  4  c 


(E-21) 


The  number  of  active  turns  of  the  spring  is  given  by  Eq.(E-8): 


Tr2yDd2 


(E-22) 


Finally,  the  overall  height  of  the  system,  i.e.  the  space  that  must  be 
provided  so  that  the  firing  pin  can  reach  its  maximum  attainable  velocity 
for  which  it  has  been  designed,  is  given  by  Eq.(E-16): 


4msgc2  tic  .  D 
Lt  *  +  ^  +  2c  +  Lp 


(E-23) 


where  according  to  Eq.(C-14): 


Cf  -  2  .  i(3  -  | 


(E-24) 


®  *  jjj“  (E-25) 

Furthermore,  the  mean  coil  diameter  D  of  the  spring  is  relaced  to  the  outside 
diameter  Dq  of  the  spring  and  the  firing  pin  by  the  following  relationship: 


E-8 


therefore 


D0  =  D  +  d 


0(1  +  -) 
c 


D  =  Eli.  (E-26) 

1  +  c 

The  correct  application  of  these  design  equations  will  now  be  discussed. 
d.  Optimization  Procedure 

Both  the  free  length  Lq  as  well  as  the  overall  height  of  the  system  L^.,  as 
given  by  Eq's.(E-17)  and  (E- 23)  respectively  are  directly  as  well  as  indirectly 
functions  of  the  spring  index  c.  Because  of  the  complexity  of  this  dependence, 
it  is  not  practical  to  determine  the  shortest  Lq  and  L  for  a  given  condition 
analytically. 

It  has  proven  itself  comparatively  easy  to  search  for  that  value  of  the  spring 
index  c  which  results  in  the  shortest  Lt  under  a  given  set  of  circumstances. 
Figure  E-2  gives  an  example  of  such  a  computer  search. 

It  was  desired  to  find  the  shortest  overall  height  for  a  system  employing 
I.D.  No.  75  which  has  a  nominal  velocity  v^  =  800  in/sec  and  a  firing  pin  mass 
M  =  2.734x10-6  lb-sec^/in  (refer  to  Figure  D-2  in  Appendix  D  and  to  Section  4a 
in  the  present  appendix) . 

The  outside  diameter  DQ  of  the  spring  and  the  firing  pin  was  chosen  as  0.125 
inches,  and  Figure  E-l  indicated  that  the  length  of  the  firing  pin  had  to  be 
0.304  inches  in  this  case.  The  program  was  written  to  evaluate  Eq's.(E-17), 

(E- 18),  (E- 22)  and  (E- 23)  for  Lq,  mg,  N  and  Lt  respectively  in  addition  to 
computing  the  wire  diameter  d. 

The  above  equations  were  computed  for  3.4  c  <_  6.00.  The  shortest  overall 
system  can  be  found  from  the  printout  to  correspond  to  c  =  4.2  with  a  length 
of  L*  =  1.713.  The  associated  wire  diameter  is  0.02404  inches,  the  number  of 
active  turns  are  30.1,  and  the  free  length  of  the  spring  is  1.277  inches. 

The  following  additional  parameters  were  used  in  the  program: 

Y  »  0.283  lb/in^  (density  of  steel) 

Cp  «  0.25,  design  correction  factor  (see  Eq.(D-14)) 

tc  »  200,000  psi,  corrected  maximum  allowable  shear  stress  for  the  music 

wire  of  the  springs 

g  ■  386.05  in/sec‘,  acceleration  of  gravity 

G  «  11.5x10"6,  shear  modulus  of  steel 

Similar  optimizations  have  been  performed  for  all  I.D.  numbers  and  firing  pin 
outside  diameters  indicated  in  Figure  E-l. 

Finally,  all  optimum  possibilities  with  overall  lengths  less  than  2.000  inches, 
which  correspond  to  a  certain  I.D,  number,  were  combined  on  one  output  sheet. 
Figure  E-3  shows  such  a  typical  optimum  design  table  for  I.D.  75,  (the  same  as 
used  above).  It  now  includes  the  least  overall  heights  for  such  outside  diameters 
as  0.200,  0.187,  0.170,  0.156,  0.140  and  0.125  inches. 
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(When  comparing  Figures  E-2  and  E-3  it  can  be  seen  that  Figure  E-3  shows 
for  an  outside  diameter  of  0.125  inches  the  values  which  follow  directly  below 
the  minimum  value  in  Figure  E-2.  Thus  Figure  E-2  gives  a  minimum  overall  height 
of  1.713  inches,  while  Figure  £-3  gives  1.717  as  the  minimum.  This  discrepency 
has  its  reason  in  the  needs  of  the  final  program.  The  error  is  of  course 
insignificant.) 

Figure  E-3  also  lists  all  other  necessary  design  information  such  as:  wire 
diameter,  number  of  active  turns,  free  length  of  spring,  as  well  as  its  solid 
height,  (which  takes  two  inactive  turns  into  account) . 

In  addition,  the  spring  mass  is  printed  out  for  checking  purposes.  (The  value 
of  the  spring  masses  are  very  close  for  all  designs  for  a  given  I.D.  number 
since  the  spring  index  at  optimum  is  essentially  identical  for  most.  (See 
Eq.(E-18)  for  dependency  on  c.)) 

Appendix  F  gives  all  optimum  design  tables.  Their  information  furnishes  all 
those  systems  which  are  smaller  than  2.000  inches  in  overall  height,  and  assure 
100  percent  firing  for  the  M42G  primer. 
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OPTIMUM  DESIGN  TABLES 


The  present  appendix  lists  approximately  215  spring  striker  systems  with 
overall  length  of  less  than  2.000  inches  and  outside  diameters  of  less  than 
0.375  inches.  (See  Appendix  E  for  background.)  All  systems  correspond  to 
actual  test  points  and  100  percent  firing  is  fissured  in  all  cases.  (Note  the 

I.D.  numbers  as  well  as  their  associated  energy  levels,  firing  pin  masses,  and 
nominal  firing  pin  velocities  [v^].)  As  in  Figure  E-3  of  Appendix  E  the 
following  complete  design  information  is  given: 

1.  Outside  diameter  of  the  system 

2.  Length  of  firing  pin  (assumed  to  be  a  solid  cylinder  without  consideration 
of  hemispherical  tip  of  0.032  inches) 

3.  Mass  of  the  spring 

4.  Wire  diameter  of  the  spring 

5.  Active  number  of  turns 

6.  Free  length  of  spring  (based  on  assumption  of  two  inactive  turns  turns  of 
spring) 

7.  Solid  height  of  spring  (again  including  two  inactive  turns) 

8.  Expanded  length  of  spring  at  maximum  velocity  of  firing  pin 

9.  Overall  height  of  system 

Similar  to  the  tabulations  of  Figures  E-2  and  E-3  in  Appendix  E,  the  following 
values  were  used  in  the  computations: 

Y  =  0.283  lb/in3  (density  of  steel  music  wire) 

CD  *  0.25,  design  correction  factor  for  velocity  (sec  F.q.  (U-14)  in  Appendix  D) 

tc  =  200,000  psi,  corrected  maximum  shear  stress  of  spring  at  solid  height 

g  =  386.05  in/sec2,  acceleration  of  gravity 

G  =  11.5xl06  psi,  shear  modulus  of  steel 

The  computer  program,  (see  sample  printout  below),  was  written  in  MAD  (Michigan 
Algorithm  Decoder),  and  all  computations  were  made  on  an  IBM  7040  computer  at 
the  City  College  Computation  Center  of  the  City  University  of  New  York. 
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a.  Computer  Program 


******************* 

SPUING  OPTIMIZATION 
******************* 

C  *  MEAN  COIL  DIAMETER/WlRF  DIAMETER 
D  =  MEAN  COIL  DIAMETER 
DELCY  =  INCREMENT  Of  C 

FTT  =  LENGTH  Of  EXPANDED  SPRING  AT  INSTANT  Of  MASS  SEPARATION 

K  =  STRESS  CONCENTRATION  Of  SPRING 

LZERO  =  FREE  LENGTH  OF  SPRING 

M  *  MASS  OF  FIRING  PIN 

MS  *  MASS  OF  SPRING 

NACT  =  NUMBER  OF  ACTIVE  COILS 

NTOT  =  TOTAL  NUMBER  OF  TURNS 

OD  =  OUTER  DIAMETER  OF  SPRING 

OVRALL  =  OVERALL  REQUIRED  LENGTH 

PINL  -  LENGTH  OF  FIRING  PIN 

SMALLD  *  WIRE  DIAMETER 

SOLH  =  SOLID  HEIGHT 

VEL  =  EXPERIMENTAL  VELOCITY 

INTEGER  INOZ,  10,  IDI 
EXECUTE  NOHI). 

READ  DATA 
ME6  =  M+1.0F6 

THE  LAST  DATA  CARD  MUST  BE  J  s  1  - T H I S  IS  A  SIGNAL  TO  THE 
PROGRAM  THAT  ALL  THE  DATA  HAS  BEEN  READ 
INTEGER  J 
WHENEVER  J  .E.  1 
PRINT  FORMAT  NOUS! 

PRINT  FORMAT  N0TFS2 
PRINT  FORMAT  NOTE  S  3 
TRANSFER  TO  START 
END  OF  CONDI T I  ON AL 

WHENEVER  (ID  .NE.  ID  II  .AND.  (IDI  .NT.  O) 

PRINT  FORMAT  NOTfcSI 

PRINT  FORMAT  N0TES2 

PRINT  FORMAT  NUTES3 

END  OF  CONDITIONAL 
WHENEVER  ID  .NF.  IDI 

PRINT  FORMAT  l)A  T  A  l  ,  l  NOZ  t  I  0,  VE  L ,  ME  0 

PRINT  FORMAT  HONG l 

PRINT  FORMAT  H0NG2 

PRINT  FORMAT  HONG 3 

END  OF  CONDI  I  I  ON AL 

VECTOR  VALOFS  NOTESl=  »IH  ///IN  II*  TOTAL  TURNS  OF  SPRING  ARE  OBTAINED  BY 
1  ADDING  2  TURNS* / l H  H*TO  NUMBER  OE  ACTIVE  TURNS*** 

VECTOR  VALUES  NOT6S2  *  $IH0H*ALL  UNITS  OF  LENGTH  ARE  IN  I NCHES*/ IHOHJAL 
l  L  UNITS  OE  MASS  ARE  IN  LB- .»EC*SfcC/IN*E6J/lH0H*ALL  UNITS  OE  Vfc 
l  LOCITY  ARE  IN  IN/SCC*** 

VECTOR  VALUES  NUTES3  =  * 1H0H*0VERAL L  HEIGHT  OF  SYSTEM  IS  OBTAINED  BY  AD 
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JtN  C.C.N.Y.  MAO  SATURU 

1  DING  EXPANDED  LENGTH  OF  GPRING*/1H  H*TO  LENGTH  I  IF  PlN**i 

VECTOR  VALUES  DATA1  =  E lHlH* I N-OZ  =  ♦ I  2 ♦ S 10 ♦ H* I . D.  NO.  =  *13/1H  H*VtL0C 
1  ITY  =  *F6. L,S3,H*PIN  MASS  =  *Ffc.3*E 

VECTOR  VALUES  HUNG  1  =  $  1  H0H*0.  D  .  *  S  3  ,  H*P  I N*  S4  ,  H*  SpR  I  NG*  S  3  » H*  WI  R£  *53  * 

1  H*ACT IVE*S3,H*FRf  F*S3,H*LXPANDFD*S4,H*JVCRALL*S4  » 

2  H*S0LID**t 

VECTOR  VALUES  HDNG2  =  tlH  Sft  ,  H*  L  ENG  T  H*  S3  ,  H*M  A  S  S*  S4  »  H*D  I  AM*  S3  •  H*TURNS  * 

1  S3,H*LENGrH*53,H*LENGTH*2( S5,H*HE IGUT* )*$ 

VECTOR  VALUES  HONG  3  -  ilM  S46,H*0F  S  PR  I  NG*  S2  ,  H*OF  S  Y  S  T  E  M*S2  » H*OF  SPRING 
I  **S 

FT  T  =  1U0. 

FTTp  =  200. 

THROUGH  GAMMA,  EUR  C  =  CST,  DFLCY,  C  . G.  CFIn 
WHENEVER  FTTp  .L.  F T 1 

PRINT  FORMAT  ANS,  00,  P I NL ,  M  Sf  f> ,  SMALLD,  NACT,  LZERO,  FTTP,  GVkALL, 
l  SOLH 

TRANSFER  TO  NEXT 
END  OF  CONDITIONAL 

VECTOR  VALUES  AN  S  =  ilH  f  4 . 3 ,  S3 ,  E  4 . 3  ,  S  3  ,  F  6 . 4  ,  S2  ,  E  t> .  5  ,  S 1  ,  E  5 . 1  ,  S3  ,  F6 . 3  , 

1  S3,F6.3, S6.F6.3, G6 , E  4 . 3*1 
FTTP  =  F  T  T 
V  =  VFL*1.25 
0  *  1 00*0/ (  1.0  ♦  C) 

K  *  I  4 . 0*C  ”  I  • 0  )  / ( 4 . 0 * C  “  4.0)  +  0.6  15/C 

MS  =  -0 • 5  *M*t  LOG •  (  -2.0*ELOC>.  (V*K/3053.435  ♦  0.5)) 

MS  16  =  MS+1.0I6 
ALPHA  =  MS/M 

KF  =  2.0  +  (  l. O/ALPHA)* (  3.0  -  0 . 5*E XP . ( -? . 0* AL PHA ) 
l  -  4.0*EXP. (-0.4*EXP.(-2.0*ALPHA) ) ) 

FTT  =  (  552. 8637*C*C*MS  )  /  ( l)*D  )*  I  I  0.05463*C*KF  ) /*  ♦  1.0/C) 

1  +  2.0*D/C 

SMALLD  =  D/C 

NACT  =552.  H637*MS  /  (i)*SMALt.U*  SMALLD) 

NTOT  =  NACT  ♦  2.0 

LZERO  =  (  552. 863  7*l*C*MS  >/(  0*0)  *  (  (  O.()54o  J*C  )  /  K 
1  ♦  l.O/C)  ♦  2 . 0  *  0 / C 

OVRALL  =  FTT  ♦  pINL 
SOLH  =  SMALLD*NTOT 
CONTINUE 
ID  I  =  ID 

TRANSFFR  TO  STARI 
END  OF  PROGRAM 
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IN-OZ  =  16  I.D.  NO.  =  60 

VELOCITY  =  600.0  PIN  MASS  =  5.555 
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